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Abstract 
The worldwide yeast extract business is large and may increase with the interest in 
natural products and nutrients. The wastes from the yeast extract industry have 
traditionally been used as animal food or soil injection for agricultural benefit. This 
process is now being challenged and is experiencing increasing costs therefore 
alternative options for disposal routes are being considered. The poor biodegradability 
of activated sludge cell walls is well known and it has been suggested that the rigid, 
double layered yeast cells will be even more recalcitrant. Previous work reviewed in the 
thesis, had indicated yeast cell walls are some of the most refractory natural microbes in 
comparison, for example with activated sludge. The thesis revisits the issue of solids 
hydrolysis and in particular with a waste containing yeast cell walls as model solids. 
The literature review discusses previous work on the treatment of yeast containing 
wastes, including reactor designs and potential pre-treatments. It covers the work done 
on the fundamental characteristics of solids which might affect biodegradation rates, 
e.g. particle size, cross linking, rigidity and viscosity. 
Laboratory experiments were conducted and the results analysed from batch 
biodegradability testing and continuous simulation trials comparing anaerobic reactors. 
These were CSTR, Filters and UASB the latter noted for its vulnerability to solids. 
Laboratory work is also reported on the potential for ultrasonic, thermal and 
acclimatization to improve degradation rates. Utilisation of ultrasonic pre-treatment at 
20,000 KHz, increased soluble organic carbon from between 14 to 120% dependant 
upon power and exposure time period. The results also showed that continuous recycle 
at low power produced the best results with increased gas yield and organic conversion 
from a lower solids retention. 
Results are also reported from onsite pilot trials using a 25m3 UAF digester and an 
analysis of previously unreported full scale yeast processing plants in the UK. These 
results confirmed that solids (cell) degradation rates were low. 
In conclusion the thesis suggests the degradability of the yeast cells are linked to their 
unique cell walls. Anaerobic digestion does give organic conversion albeit with long 
HRT's. The use of ultrasonics as a pre-treatment process enhances this conversion and 
improves gas yield. 
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Chapter 1 
Introduction 
The food industry accounts for 14.3% of manufacturing in the UK and is the single 
largest sector according to the UK's Office for National Statistics. The industry is 
comprised of7,700 manufacturing businesses employing 400,000 people and the UK is 
home to 104,000 catering enterprises and 367,000 licensed catering premises. In every 
part ofthis food industry, waste is created and requires disposal or treatment (Clayton 
2006). 
In 2001, including domestic waste, the UK produced more than 20 million tonnes of 
biodegradable municipal waste per year, of which 86.2% went to landfill, 5.7% 
incinerated, 3% composted and 5.1 % recycled (EAA 2002). This total figure has been 
increasing at a rate of 3% per year in the UK (Hatton and Ockleston 1997) although in 
2007 average recycling rates are reported to be up to 15%. 
In the past, attention from industry towards waste has been scant but increasing charges 
from landfill tax and those applied by private utilities for the treatment of industrial 
wastewater together with the attention to improve sustainability has brought about a 
general review in policy. These increasing disposal costs combined with rises in energy 
costs, regulatory controls and public pressure have begun to produce the commercial 
drivers for private sector involvement in alternative biological mechanisms for 
treatment of organic wastes. 
The previous common routes of landfill, sewer or animal feed for disposal of organic 
foodwastes are now being continually challenged by alternative processes such as 
composting, incineration and anaerobic digestion (AD). The primary source of 
challenge has come in the form oflegislation from the Landfill Directive (l999/31IEC) 
and Animal By-Product Directive (EC 1774/2002) which have placed great pressures on 
traditional disposal processes. The Landfill Directive introduced stepwise reductions in 
biodegradable municipal waste to 35% ofthe 1995 values by 2016. In support of this, 
the British Govermnent has introduced a landfill tax which also has stepwise increases 
to support this target. 
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The Animal By-Product (ABP) regulations, which came into force on 3rd October 2002, 
categorise ABP wastes into three categories dependent upon their source and risk with 
category I being the highest. It also defines what treatment and disposal routes must be 
applied to each category. AD is recognised as a suitable treatment for Category 2 and 3 
wastes (category I being the highest risk, see Appendix I for description of categories) 
providing appropriate process steps are included in pre-treatment i.e. particle size 
reduction and pasteurisation. 
Enviromnental pressures are increasing with the need for approval of consent limits 
through Enviromnental Impact Assessments and from the acceptance criteria placed 
upon industrial wastewaters discharged to sewer by the commercial needs of the private 
utility treatment plants. In addition to these pressures, public awareness is increasing 
and issues of carbon footprint, waste, waste transportation, odours and nuisance creation 
are making major companies seek alternative technologies and routes for dealing with 
their wastes as they search for "greener" credentials within their company values. 
1.1 OPTIONS FOR FOOD WASTE DISPOSAL. 
With the issues identified above, maintaining the status quo is likely to become 
increasingly difficult and much more expensive. To balance some of the legislation and 
tax measures, incentives are being continually considered. Various aid mechanisms are 
in operation including grant support, carbon offsetting, Capital Enhancement Schemes 
and Renewable Obligation Certificates. These are all creating interest amongst 
companies, govemment bodies, industrial food suppliers and independents to look at all 
ofthe alternatives. 
For food waste, there are four main alternative options for treatment: incineration, 
animal feed, composting and anaerobic digestion. 
1.1.1 Incineration 
Incineration is an option that has some enviromnental merits such as displacing 
conventional fossil fuel sources. However, food industry waste generally has a very 
high moisture content, low homogeneity and consequently a low or inconsistent heating 
2 
value. Such treatment processes are costly and incineration plants now have increased 
environmental pressures associated with the ash and the atmospheric emissions. 
Thermal processes also create a large volume of C02 (Jones 2004). Even ifincineration 
is deemed an acceptable route, the UK has a shortage of operational plants which is 
exacerbated by opposition from the public and reluctance from elected authorities to 
approve plarming for more plants. 
1.1.2 Animal feed 
Animal feed is a recognised route for some wastes and may well continue into the 
future. However, it is anticipated that pressures associated with the waste contents and 
its sourcing will create more stringent controls as time goes on. This has been 
exacerbated by the recent disease outbreaks, foot and mouth and in particular Bovine 
Spongiform Encephalopathy (BSE), which has redefined waste disposal procedures. 
1.1.3 Composting and anaerobic digestion 
Both anaerobic digestion and aerobic composting offer a solution with the inclusion of 
recovery of nutrients from organic wastes. Composting does create a product that needs 
a route for retum to the land but, unless the original waste can be source separated, 
contamination of the compost material ensues, which makes it less desirable and 
restricts its use. 
Anaerobic digestion does hold some benefits over composting albeit with increased 
capital outlay: 
o Liquid wastes such as manures and fats are not appropriate for composting but 
can be managed by anaerobic digestion. 
o Slaughterhouse and ABP waste can be digested within anaerobic digestion as 
established within the ABP directive. Composting is possible in some cases but 
large quantities of air, and hence energy, are required. 
o Aerobic composting is energy consuming, requiring 50 -75 kWh of electricity 
per tonne ofMSW input, whereas AD is an energy producer with around 
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75-150kWh of electricity generated per tonne Municipal Solid Waste (MSW) 
input. (www.biogasworks.com) 
o AD provides odour reduction and lower land requirement for spreading of 
digestate than alternatives 
Typically anaerobic digestion produces only 115 to 1110 as much biomass per unit of 
organic substrate converted as comparable aerobic processes. Since disposal treatment 
of waste sludge may account for more than 50% of the waste treatment costs, the ability 
to reduce sludge production is a major advantage of anaerobic treatment. 
In many cases the solution will not be one treatment process but a combination of 
several. The ultimate solution, particularly if the waste is liquid, may be to 
anaerobically digest the waste, provide polishing aerobic treatment and finally pass 
through at least a micro filter thereby creating energy as a by-product, water for reuse 
and sludge for use as a fertiliser with capture of nitrogen and phosphorus. Final effluent 
to sewer will be minimal. 
1.2 DEVELOPMENT GROWTH OF ANAEROBIC DIGESTION 
Although AD has been utilised for a long time, its use in the UK has been limited, 
focusing mainly on water companies and their sewage treatment plants, whereas Europe 
has seen much more diverse uses of AD. In Demnark and the former East Germany 
during the mid 1980's, centralised AD plants were built to cater for primarily 
agricultural wastes but latterly mixed wastes which "balance" the feedstock. 
Analysis of data received from Kruger, Paques and Biothane indicates that they have 
now provided more than 990 plants worldwide in 65 countries. Out of the 990 plants all 
but 19% are treating wastes from the food industry. 
Centralised AD is becoming commercially attractive with not only the by-products 
creating earnings potential but gate fees become applicable as this technology competes 
with other disposal solutions. This increased activity combined with industrial 
investment creates advancement in the technology thereby improving gas yields and 
producing by-products suitable for land use, both via pathogen kill within the waste for 
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direct application and via possible chemical ex traction for fertili ser. A paper describing 
a business plan for such a fac ility is attached as appendix 2. 
1.2.1 Digestate as a fertiliser. 
The fertili ser potential is a key to the greater use of AD in the future such that the 
digestate by-product is not seen as a waste but as a useful product. Perception from 
growers and wholesale food purchasers has been slow in adapting the potential of food 
waste digestate as a good source of fertiliser since it has been dogged by the stigmas 
attached to digestate produced from sewage sludge 
Fertili ser prices have escalated over the recent past with the price of ammonium nitrate 
fertili ser ri sing to 322% of that seen in December 2002. (Fi gure 1.1) 
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Figure 1. 1 Ammonium Nitrate Fertiliser prices in the UK (Milk Development 
Council 2008) 
In many circles, the direct application of digestate to land creates value providing it is 
carri ed out appropri ately and in line wi th the Ministry for Agricul ture, Farming and 
Fisheri es (MAFF) code of practi ce (DoE 1996 Code of Practice for Agricultural use of 
sewage sludge) which advises limiting total ni trogen application to 250Kg/Hectare/year. 
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Treated biosolids are recognised as being acceptable for use as replacements for 
inorganic fertilisers in agricultural crop production. Enhanced treatment is required to 
effectively sanitise biosolids to remove microbial pathogens (Smith and Durham 2002) 
Research has been underway to remove phosphate from sewage and digestate. Sources 
of phosphate are now overseas and interest in its recovery is increasing. Environmental 
legis lation such as the Urban Waste Water Directive (9I f271 IEEC) and the Nitrates 
Directive, is increasingly putting pressure on the phosphate industry. Stricter controls 
are becoming more common on sewage treatment works where discharging to inland 
waterways. 
Phosphate is an essential plant nutrient and supplying phosphorus to soil in biosolids as 
a mineral fertiliser replacement is a major benefit from anaerobic digestion. Using 
recycled phosphorus conserves geological mineral reserves which are estimated to last 
only 250 years. Low cadmium phosphate minerals from high grade volcanic deposits 
could be exhausted within 25 years (Smith et a/2002). 
Two processes for removal ofphosphate have been commerciall y demonstrated, 
Crystalacter ® as calcium phosphate by DHV Water, Netherlands and Phosnix ® as 
struvite by Unitaka Japan. Research is also reported using ion exchange resins based on 
natural zeolites, (Clinopti loli te, Phillipsite or Chabasite) and a scavenger, strong base 
resi n for selecti ve removal (>90%) of nutrients from wastewaters.(Liberti et a/2001) . 
In general, these processes isolate the recovered phosphorus in either the foml of a 
calcium phosphate or magnesium ammonium phosphate (struvite). Samples of 
recovered struvite are in the foml of easily handled granules or crystal s which are easi ly 
filte red and were said to require no further drying. As reported in 2001, the suggested 
price for recovered struvite has varied between €500ft and €300ft whilst the retail price 
on the small market was set at € I OOOft (Ueno & Fulii 200 I). However, the negative 
features li st relatively high cost of resins (€3000/t) and the escalating environmental 
impact related to disposal of regeneration resin. 
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1.2.2 Direct application to land 
The wholesale food market is a reluctant buyer of food grown utilising digestate as a 
fertili ser largely due to ignorance and public perception but predominantly caused by 
legislative uncertainties associated with application of sewage sludge onto land . 
A standard is currently being developed which will identify the conditions required for 
safe application of digestate onto land for agricultural use. This will hopefull y all ay any 
fears from the public, growers and wholesalers and therefore encourage the use of 
digestate onto the land. 
1.3 ANAEROBIC DIGESTION DEVELOPMENT 
Such development is important as more and more wastes are being considered for AD 
tTeatment. Some products are reca lci trant and make treatment either aerobically or 
anaerobicall y di fficult. If solutions for pre-treatment of recalcitrant wastes, such as the 
yeast cell s featured in thi s thesis, can be developed to improve performance, then this 
can be extended into other areas of the food industry thereby removing some of the 
perceived barri ers and enabling greater industrial application of the technology. 
With a specific focus in this thesis towards understanding the implications of utili s ing 
Anaerobic Digestion for treatment of wastes within the yeast related industri es, a 
practi ca l review of both full and pilot scale digesters has been undertaken. This has 
covered breweri es, the baking yeast production and yeast ex tract industry. The rev iew 
seeks to dete1111ine whether there is any commonality, and if similar problems exist 
within each industry. This may lead towards greater understanding of whether 
anaerobic digestion is a so lution for treatment of yeast and yeast cell wall debris. If the 
treatment process is possible, then the impli cations of such methods may further extend 
opportuniti es in other recalcitrant organic wastes. 
Most spent yeast from brewery wastes are used directl y as fertili ser or dried as animal 
feed. Changes to regulations may increase the controls and restrict these uses. It is al so 
anti c ipated that meeting the EU agreements on alcohol in fuel may increase the amounts 
of these wastes beyond the capacity of these di sposal routes. The anaerobic digestion of 
brewery and fermentation wastes will then become a more important route. 
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Chapter 2 
Literature Review 
2.1 ANAERO BIC DI GESTION -THE SCIENCE 
Complete reduction of organic matter produces methane which still retains much of the 
original potential energy as the organic hydrocarbon. Theml0dynamically, ox idation is 
the preferred biochemical system for biomass growth since thi s releases more of the 
potential energy. Precautions are therefore needed in the design of Anaerobic Digestion 
Bioreactors to avo id air or other oxidising agents. 
Anaerobic digestion is a sequential process which relies on a synergistic consortium of 
different micro organisms for each stage. Four di stinct stages occur generally in the 
digestion o f most substrates: hydrolysis, acidogenesis, acetogenesis and 
methanogenes is. This is shown in a simplified fonn within Figure 2.1. 
4.METHANOGENESIS 
acetate 
3. ACETOGENESIS 
I " I I, -" ~l 
L ~ ___ ~~_
Amino ac ids. sugars 
J. HYDROLYSIS 
protein I carbohydrate 
LARGE CARBOXYLI C ACIDS 
AN D ALCOHOLS 
, ~ 
Complex organic materia l 
Fig 2.1 Fundamental stages associated with Anaerobic Digestion (source MSc CREST Course 
notes Loughborough University) 
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Bechamp (Bechamp 1868), in 1867, was the first to describe the production of methane 
from a simple fermentation product, ethanol, and went on to attribute it to microbial 
fermentation (Pine 1970). He also found a second product, caproate, now known to be 
fornled by ClostridiulIl kluyveri (Barker 1956). From this it was seen that carbon-
carbon bonds were not onl y destroyed in the fermentation chain but they can be 
reductively synthes ized if the reaction is paired with the energy yielding oxidation 
reduction of another substrate (organic material) . Hence the more complex metabo lic 
intermediates found in anoxic and anaerobic reactions. Several successive 
fermentations may then be required to convert these products to methane and carbon 
dioxide. This process is illustrated in figure 2.2 
Most anoxic and anaerobic bacteria have lower growth rates than aerobic bacteria and 
the methanogens will have a lower activity than the acid producing bacteria (Andrews 
& Graef 1970). Therefo re the overall conversion of the intermediate products, the 
volatile acids, to methane and carbon dioxide, is often the rate limiting step in anaerobic 
digestion. The methane bacteria also appear to be more sensitive than the acid 
producing bacteria and changes in environmental conditions of pH, temperature and 
inhibitory substances can reduce gas production or even stop the methanogenic reaction 
much more quickly than anticipated. 
With more so lid substrates such as s ludge and so lid organic polymers, the digestion 
process is more difficult since the so lubilisation of the organic carbon may take either 
pre-treatment or ti me and in these cases hydrolysis is generally the rate limiting stage in 
most anaerobic digestion. Lignin, an aromati c polymer of polyp he no Is, is especially 
difficult to break down. Degradation can occur aerobically, but it is extremely slow and 
can take months to complete. Lignin can account for 20-30% of typical plant material 
but is more in wood and stTaws. Anaerobic digestion of lignin does not occur. 
As mentioned above, biogas production potentia l from organic substrates involves an 
internal redox reaction that converts organic molecules to methane and carbon dioxide, 
the proportion of these gases being dictated by the composition and biodegradability of 
the substrates. Buswell (1939) studied the anaerobic decomposition of many organic 
materials and presented a general stoichiometric fornlula fo r the conversion of complex 
organic materials to methane (Jordening and Winter 2006). 
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Crl-IhO oNnS, + ~[4 C - h - 20 + 3n + 2 s ]H ,a ~ 
4 
~[4 c - h + 20 + 3n + 2s]c0 , + ~[4 c + h - 20 - 3n - 2s ]CH 4 + nNH J + sH ,S 
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Such an equation simplifies the process and does not fully take account of all the losses 
and changes in substrate through activity of different micro-organisms. It does 
however, give a good approximation for methane concentrations across various 
substrates. For the simplest case, the conversion of carbohydrates such as sugars and 
starch (e.g. glucose, C6H 1206) or cellu lose (CnHn-20 n-I), the equation predicts an equal 
amount of CH4 and CO2 is produced from the complete degradation of the substrate. For 
proteins (CIOH200 6N2) the process yields a CH4 : C0 2 ratio of 60:40, the exact biogas 
composition dependent upon the individual protein substrate. For fats and vegetable oil 
(triglycerides) C54H 1060 6, a typical CH4:C02 ratio is 70:30. 
These simplified examples can change accord ing to effects from severa l factors 
inc luding: 
• Reactions are often incomplete (typically up to half of the cellulose is 
refractory to microbial anaerobic degradation and lignin is completely inert 
for example). 
• By-products are produced and can be lost in a completely mixed digester 
effluent (e.g. acetic, proprionic and other fatty acids and metabolites) . 
In fact various researchers have produced differing general figu res for biogas 
compositions using differing substrates See table 2.1 (Malina & Pohland 1992) 
Substrate Biogas Production Methane composition 
Litres/kg % 
Carbohydrates C6H I20 6 790 50 
Fats C I5H11 COOH 1250 68 
Proteins C4H6ON 700 71 
Table 2.1 Production of biogas and ifs compositioll during anaerobic digestion (Matina 
& Poilland 1992) 
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Anaerobic Digestion can occur at temperatures ranging from 0 - 60°C. Three di fferent 
temperature intervals are identified: 0-20°C for the psychrophilic organisms, 20-40°C 
for the mesophilic organisms and 50 - 60°C for the themlophilic organisms. At the 
lower temperatures within each range, the biogas production becomes much lower 
requiring larger retention times for organic destruction. The majority of digestion 
processes currently utilise mesophilic conditions and operate at temperatures between 
35-37°C. 
If an increasing temperature change affects the methanogenic activity negatively there 
can be a build up ofVFA's which lowers the pH, further negatively affecting the 
methanogenesis leading to ultimate digester failure. Lau and Fang (1997) did find that a 
mesophilic digester could operate without significant reduction in performance up to 
43°C but any increased step changes in temperature did need a period of2 weeks to 
maintain stability and recovery. Beyond 43°C a rapid decline in the digestate was 
observed. 
Mesophilic digestion can work down to much lower temperatures. Asahi breweries 
operated a trial reactor down to 26°C and demonstrated that, although with reduced 
organic loading, the reactor could still be operated effectively (Yoda et aI1991). 
2.2 A AEROBIC DIGESTlO AS A TREATMENT PROCESS 
Anaerobic processes are extremely attractive for the treatment of easily degradable 
medium to high strength wastewaters from various industries, because of the low energy 
and manpower inputs required for treatment. This is further enhanced by the lower 
excess sludge production when compared to aerobic processes. 
Desire to reduce the amount of organic material fortunately coincides with the desire for 
more biogas production. Thus, cost benefit analysis reflects not only on the improved 
waste treatment process and hence reduced disposal costs, but also the added benefits of 
renewable energy production which support energy incentive payments from schemes 
such as Renewable Obligation Certificates within the UK. 
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Caution needs to be applied in ensuring the balance of the feedstock. Stable digestion is 
only possible if a balanced carbon: nitrogen ratio is maintained which should not be 
less than 20: I (Banks 1994). Lower ratios create the opportunity for ammonia toxicity 
which is known to be inhibitory at low concentrations if the pH is alkaline (Grady & 
Lim 1980). Digesters designed to treat animal waste including slurries are therefore 
susceptible to poor performance without additional carbon sources. Anaerobic digestion 
can therefore gain benefit from co-digestion of various feed stock giving an improved 
nutrient balance and therefore better performance and higher gas yields. 
Mixing and heating are the major factors in digester failure. Sewage sludge digesters 
mostly use gas mixing, which avoids internal machinery; mechanical mixing is less 
common. The purpose of mixing is to di stribute biomass and substrate evenly 
throughout the reactor bringing them into intimate contact with each other and also to 
ensure that the heat is evenly di stributed (Gilbert 1987). lnfluences on mixing include 
aspect ratio, sludge rheology, gas production, mixer power and grit content of the 
sludge. Inadequate mixing is a big problem; in 48 cases of poorly functioning digesters 
reported by Brade (1985), all but 5 were attributed to poor mixing. 
Wastes with poor fluid dynamics, floating wastes, fats, oils and greases, or materials 
with high di sturbing or inhibiting components, can be much more easily used as co-
substrates after dilution with other feedstock. However, the poor selection of co-
substrate can also severely change the dynamics and therefore affect the mixing 
behaviour of the digester liquid. Uncontrol led addition of water, insoluble oil or fat 
containing wastes can cause heavy foam formation and scum layers. Poor or inadequate 
mixing is the most likely cause of substandard performance in standard digestion 
especially if there are complications with fat, fibre or thermal stratification . Inert 
materials such as plastic, sand, grit and stones can also accumulate reducing the reactor 
vo lume, restricting mixing and creating the potential for blockage. 
For anaerobic tTeatment to compete with alternative technologies such as aerobic or 
physio-chemical treatment, it has to be cost effective (in terms of investment and 
operating costs), reliable and durable. System designs have focussed on increased 
process control to secure the optimal operating conditions and incorporate pre-
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treatments to increase performance and compactness which refl ects on lower capital 
costs (Shelton-Smith& Wheat ley 2006). 
Biogas can be utilised in many ways to recover its energy. It can be used in heat 
production either as the so le energy source or mixed with other fuel s within boilers, 
engines or turbines. Utili s ing the fuel in the generation of electri city is possibly one of 
the most attTactive options when European countri es, in particular, are seeking ways of 
boosting their renewable energy targets. 1n order to achieve combustion within these 
processes the methane content needs to be above 55% but preferab ly closer to 70%. 
Comparisons ofbiogas with other fue ls can be seen in table 2.2. 
Combustible MJ kg" MJ m-' 
Methane 50.0 35 .9 
Purified biogas (90%) 45.0 32.3 
Mean biogas (60%) 30.0 21.5 
Butane 45.7 11 8.5 
Propane 46.4 90.9 
Methanol 19.9 15 .9 .103 
Ethanol 26.9 21.4.103 
Gasoline 45.0 33.3 .1 03 
Diesel 42.1 34.5 .103 
. . Table 2.2 Mill/mal calorific values of blogas alld some other foels (Collslallt et al 1989) 
The other alternative for biogas, which has seen some success in Scandinavian 
countries, li es in the conversion of the biogas to a bio fuel. in order fo r the gas to be 
utili sed within a vehicle, then it needs to have the same methane content as natural gas. 
This results in a need for some post treatment to remove C02 and H2S. 
2.2.] Reactor Design 
Batch systems are often simple designs which deliver the lowest capital cost whil st 
requiring more labour. The disadvantages li e in the need for a large footprint and the 
unit perfOnllanCe is generally not high with low specific gas yields. At the other end of 
the spectrum, multi stage systems are the most complex and expensive of all systems. 
The introduction of multi-stage operation improves digestion by having separate 
reactors for different stages of the process, thus provid ing flexibility to optimise each of 
these reactions . Typically, two reactors are the common compromise, the first for 
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hydrolysis/ liquefaction hence acetogenesis and the second for methanogenesis. In the 
first reactor, the reaction rate is limited by the rate of hydro lysis of cellulose, in the 
second by the microbial growth. 
Their greater advantage lies in the balancing, buffering and hydrolysis capabilities 
taking place in the first stage, allowing a more constant feeding rate to the 
methanogenic later stages. This may help reactions where the hyd rolysis is the rate 
limiting step as well as aiding balance of easi ly acidified wastes which may otherwise 
create problems for reactions where methanogenesis is rate limiting. 
Virtually all the available technologies are utilised to anaerobically digest mixed food 
waste, they can either be Single or Multi Stage and working at either a high or low 
solids content. All have benefits and effectiveness will depend on the substrate 
characteristics being treated. 
The following section includes some examples from the literature to describe digester 
designs in operation within the food process industry. 
2.2.1.1 Lagoons. 
Anaerobic lagoons have been used for many years where land is plenti ful and at a low 
cost. The concept is particularly useful with low loaded systems where the hydraulic 
and solids retention times are not critical to the process and gas recovery is not of a 
prime concern. Designs vary from simple pond type to simple engineered systems. 
2.2.1.2 Anaerobic contact process 
The anaerobic contact process traditionally utilises a clarifier to sett le out biomass 
solids from the digestate external to the reactor and subsequently feeds them back into 
the reaction process, thereby increasing the biomass retention time (Figure 2.3). This 
system is rarely used these days because of poor sett lement by gravity. Other 
solid/liquid separation processes are more common. E.g. membranes, degassers and 
inclined plates. 
Single stage processes can be compared further, based on the total so lids. A single 
stage low solids process is the most common due to its simplicity and common design 
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with municipal sewage solids. The predominant reactor being a Contact Stirred Tank 
Reactor (CSTR). This design is suitable for substrates with high concentrations of 
soluble organics. CSTR's do not work well above 5% suspended solids depending 
upon the reactor shape or effi ciency of mixes and generall y have sui tably long 
Hydraulic Retention Times (HRT) (Hobson and Wheatl ey 1993). At mesophilic 
temperatures (37°C), HRT of between 15 and 20 days can be expected in many 
applications. 
Figure 2.3 Simple Anaerobic Contact Process 
The advantages offered by single stage low solid systems, are operational simplicity 
with tried and tested technology. This system also makes use of less expensive 
equipment for handling slurries. Technical problems may arise [Tom fo rmations of 
heavier frac tions at the bottom of the reactor and floating scum on the top which 
indicates non-homogeneity in the reacting mass. The CSTR can be made more 
effective with a 2 stage process incorporating digestate passing into a so lids separation 
device where the solids are returned back into the reactor mixing with the influent 
wastewater. 
2.2.1.3 Upflow anaerobic sludge blanket (UASB) 
Anaerobic granular sludge bed techno logy is used for the "high rate" anaerobic 
treatment of waste water and was designed originally by Or. Gatze Lettinga and 
colleagues in the late 1970's at Wageningen University (Netherlands). Thi s was one of 
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the first ever bioreactor systems created to rely on the estab li shment of a granular dense 
biomass. (Lettinga and Hulshoff Pol 1983). An UASB is, in principle, a simple tank 
with a special gas/sol ids separator design installed within the top of the reactor (Figure 
2.5). 
The wastewater passes upwards through an anaerobic sludge bed where the micro-
organisms within the sludge come into contact with wastewater substrates. The sludge 
bed is composed of micro-organisms that naturally form dense granules or pellets of 0.2 
- 2 111111 diameter. These sludge granules are an aggregate of micro-organisms. One 
gram of granular sludge organic matter (dry weight) can catalyse the conversion orO.5-
I gram of COD per day to methane. (www.uasb.org accessed September 2008). The 
granules are made up of filamentous materials (Figure 2.4). 
Figure 2.4 EGSE Grallule s!lOwingjilamenlous rnake up (Korlhoul 2006) 
The initial pellets of Met ha no genic bacteria e.g. Methanosaete sp. serve as a surface of 
attachment or support matrix for other micro-organisms involved in the anaerobic 
process. According to Stokes' law, sedimentation rates are a function of particle size 
squared. Due to their large particle sizes, anaerobic sludge granules have exceptional 
sedimentation velocity and thus resist wash-out from the system, even at high hydraulic 
loads. Gas bubbles are formed from the resultant anaerobic activity whose upward 
motion causes a sufficien t hydraulic turbulence providing mixing without the need for 
mechanical parts as in the CSTR technology. At the top of the reactor, the water phase 
is separated from the gas and sludge so lids with gas being funnelled to a take off point. 
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Sludge solids are deflected back into the turbulent zone. The resultant treated 
wastewater is taken from the top of the reactor where in some cases an element of 
recircu lation may be induced. 
Figure 2.5 A typical UASB arrallgemellt (Field alld Sierra 2005) 
2.2.1.4 Fixed film or anaerobic filter. 
Immobilising biomass on a fixed carrier is an alternative method of retaining biomass. 
One common system in use is the fix ed film system, often referred to as a fi xed bed 
reactor, which can work as either an upflow or down flow system (Figure 2.6). The 
disadvantage of thi s system lies with the likely costs associated with the bulky carrier 
material and the relati ve ly low loading potential. The media is also vu lnerable to 
blockage and this was the original reason quoted by Lettinga for the development of 
granular bioreactors. 
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Figure 2.6 Schematic of an Aerobic Filter design reactor 
2.2.1 .5 Fluidised bed system 
Fluidised bed bioreactor systems were developed in the early 1980's also to overcome 
potential blockage. It uses the phenomenon of immobilisation ofbiomass on a fluidised 
carri er material sllch as sand or pumice (Figure 2.7). Problems tend to occur within this 
system when there is a change in particle density, if there is excessive growth on the 
carrier with too mild shear conditions or no growth on the carrier under high shear 
condi tions. Completely fluidised bioreactors are now not commonly utili sed in new 
build, following alternative developments with expanded granular beds. (see expanded 
bed section 2.2.1.7) 
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Figure 2.7 Cross sectioll of a typical Fluidised Bed system 
2.2.1.6 Hybrid system 
The hybrid system incorporates features of the combinations of those above. E.g. a 
UASB system in the bottom of the reactor and a filter system towards the top of the 
reactor (Figure 2.8). 
r;:::::= Gas 
---...". Sludge bed ""'" 
Emuent 
Anaerobic 
o Iter 
Figure 2.8 Cross sectioll of a typical Hybrid reactor 
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2.2.1.7 
systems (l C). 
Expanded granular sludge bed (EGSB) and internal circulation 
An expanded granular sludge bed (EGSB) reactor is an expanded vari ant of the UASB 
concept (Kato et aI1 994). The upward flow velocity is fas ter than in a standard UASB 
Bioreactor. The increased flux permits parti al fluidisation of the granular sludge bed, 
improving wastewater- sludge contact as well as enhancing segregation of small 
inacti ve suspended particles from the sludge bed. The increased flow veloc ity is either 
accomplished by utili sing tall reactors or by incorporating an effluent recycle (or both). 
Biothane (a major international supplier ofUASB bioreactors) have developed an 
EGSB design trademarked as Biobed ® (Figure 2.9). This is capable of maintaining a 
granular sludge bed under high liquid ( IOm/ h) and gas velocit ies (7m/h) (Zoutberg and 
de Been 1997). This has the capabili ty of operating as an ultra high loaded anaerobic 
reactor (to 30 kg COD/m3 .d) and has been applied in the brewery, yeast, sugar, corn , 
ethanol prod uction industri es etc. 
r---------i Biogas 
Effluent 
1. SludgelWater Mixture 
2. Settled Sludge 
Influent 
Figure 2.9 Cross section of a Biobed ® ECSB reactor (Bio/hane literature personal 
communication) 
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Figure 2. 10 A Paques 1C Reactor (Paques literature personal communication) 
Paques (Biothane's major competitor) have developed a similar system described as the 
IC system. This system makes use of an Internal C irculation driven by a gas lift and is 
known as the B iopaq IC (Figures 2.10 and 2. 11 ). 
le Reactor 
I Recirculation System I .... • Degassing lank 
• Top settler 
~ .• RI5eI'" 
I Polishing Section I _.' .. : .• Downer 
• F rrsl selller 
I Expanded Bed I • Sludge sample (x5) 
• Gas Inje<:lIon 
• Innuenl system 
I Mixing Section I ...... SluDge rool 
Figure 2.11 Cross section of Paques IC Reactor (Paques literature personal 
communicatioll) 
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The advantage with these EGSB systems are found in their small footprint and high 
loading rates (>20 kgCOD/m] d). This high loading rate makes the application of an 
EGSB more competitive from an economic and perfornlance standpoint when app lied to 
low solids wastewaters (Frankin 200 I). 
2.2.2 Overview of reactor perfol'mance 
The comparison of research data and drawing absolute conclusions is difficult because 
of the great diversity of reactor designs which is matched by an even larger variability 
of waste composition and choices of operating parameters such as retention time, solids 
content, mixing, recirculation, inoculation stages, temperature etc. Typically the 
academic researcher may be concerned with rate, stability and completion of 
biochemical reactions, whereas the customer may be more focused on operational cost 
balances and returns on capital. All of this makes true comparisons of operational plant 
difficult, even when feedstock is grouped into ones with similar characteristics. 
In a survey undertaken by Frankin (200 I), 1,2 15 full scale high rate reactors from 65 
countries, built for the treatment of industrial effluents since the 1970's have been 
documented. As can be seen from the table 2.3, the majority (72%) orthe existing full 
scale plants were based on the UASB or related EGSB teclmology. 
I Vendor Number of Plants System 
ADI 98 Lagoon, Hybrid 
Biothane 297 Contact, UASB, EGSB 
Degremont 94 Contact, FB, Fixed bed, Other 
Grontmij 38 UASB 
Kurita 53 UASB, EGSB 
Paques 370 IC, UASB 
Proserpol (SGN) 48 Fixed Bed 
Purac 67 Contact 
VA Tech (CT 62 Fixed Bed, Lagoon 
UmweltlSulzer) 
Others 88 Mainly UASB 
Total in Database 1,215 
Table 2.3 Full scale plants for industrial applications (Frail kin 200 I) 
The average full scale design loading rate for the 682 UASB plants surveyed was 
10 kgCODlm' .d (see attached figure 2.12). The average full scale design loading for the 
EGSB's surveyed was 20 kgCOD/m' .d. COD removal efficiencies vary dependent 
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upon the type of waste water treated but wi thin a UASB or EGSB, the performance was 
in the range of85-95%. These load advantages have seen the ri se of construction of the 
EGSB over the UASB since the higher loading rates ultimately reflect lower costsl unit 
wastewater to be tTeated. 
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Figure 2. 12 Design loading rates for various AD processes (Frankin 200/) 
Frankin also described the applications served by these vendors in hi s database where, 
of the 1,215 plants surveyed, 76% were being utili sed in the food and drink sector. A 
more recent analysis of plants for thi s thesis based on information received from 
Paques, Veolia, Kruger and Biothane reveal a similar story with 744 (75.15%) plants 
out of990, utili sed within the food and drinks sectors (Figure 2.13). 
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Sample Size: 990 AD Plants Worlwide. 
2~ +-------~----------------------------------~ 
Manufacturers: Kruger, Paques & Blothane 
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~ +---------------------~=-~~ 
Figure 2./3 Analysis of AD Plants by feedstock (compi/ed by the author from data 
provided by Kruger, Paques alld Biothane 2007) 
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When the application of AD within countries is analysed, it is interesting to see the 
focus that some countries have to the use of AD as a technology compared to others. 
Figure 2.14 shows that the 990 plants surveyed are distributed in 65 countries with 
Brazil , Germany, Netherlands, Japan, China and USA having 511 plants or 52% of the 
worldwide total. 
140 
120 
100 Sample Size: 990 AD Plants Worlwide. 
Manufacturers: Kruger, Paque5 & Biothane 
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Figure 2.14 AD plallls constructed by COUlltly (frolll data provided by Kruger. 
Paques alld Biothalle2007) 
2.2.3 Nutrient Requirements 
Microbiological treatment processes like the UASB and EGSB, require macronutrients 
such as organic substrates, a source of carbon and energy to sustain growth and to carry 
out biochemical transfOImations. In addition to the fundamental requirements of 
macronutrients, a number of anaerobic microorganisms require some essential 
micronutrients for bacterial metabolism, growth, activity and stability of the digestion 
process. The minimum level of necessary nutrients and trace metals which would 
support a desired growth rate must be maintained, though a maximum level of nutrient 
add ition also exists above which many nutrients are inhibitory rather than being 
stimulatory (Singh et a! 1999). 
All methanogenic microorganisms require nitrogen in the foml of nitrates or ammonium 
salts for their growth. At nitrogen concentration of less than 0.3 gll , the cell growth 
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reduces drastically. (Vieth 1994) However, a high concentration of nitrogen ( 1.0 mg/l) 
as NH/ inhibits granulation in an UASB reactor. 
Like nitrogen, phosphorous is also an essential nutrient for the growth and maintenance 
of bacterial cell s. Phosphorus requirements are approximately 20% of the nitrogen 
needed. (Speece and McCarty 1964). Blaszczyk et at ( 1994) emphasised that the 
supplements of nitrogen, phosphorous and potassium not only retards the effects of 
shock loading but also prevents the flotation of granules. 
Yeast extract contains cell s which are a rich source of vitamin B and also contain 
nitrogen and carbon compounds. These are required for promoting the growth of cells 
and have rarely been found inhibitory to anaerobic micro-organisms (S ingh et at 1999). 
Iron, zinc, molybdenum, manganese and copper are all necessary trace elements for the 
synthesis of various anaerobic microorganisms. All these elements are the co factors for 
various enzyn1es. High concentrations of zinc found in all methanogens suggest it is an 
essential trace element (Singh et al 1999). Simpson et al (1991) conducted studies on 
fo ur fu ll scale plants and produced case histories for each investigation. They 
concluded that after dosing there was a marked impact on settlement. There was no 
indication as to which element was the major contributor but Simpson made it clear that 
in one case ferrous iron was the predominant metal. 
In the study undertaken by Singh et at (1999) as many as 23 nutrients and trace metals 
are found to have been used in UASB studies. In many cases no infom1ation exists 
regarding the optimum dose of some of the nutrients and trace metals which will be 
dependent upon the sources of feedstock and potential variability. 
2.3 SOURCES OF DIGESTIBLE FEEDS FROM THE FOOD INDUSTRY 
The UK has significant experience with the use of anaerobic digestion but this lies 
mainly in the sewage treatment industry, whereas mainland Europe has a much wider 
experience incorporating a variety of organic waste sources utilised as feedstock. 
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The lEA Bioenergy task 37 (accessed 2004) identified 128 operating plants of 
commercial scale i.e. >2500 tJy ofbiowaste and/or organic industrial wastes. The 
analysis of AD plants manufactured by Paques, Biothane and Kruger shown in Figure 
2. 13, demonstrate that much greater use of this technology is being made in the food 
industry. Although UK experience with Anaerobic Digestion is not as extensive as that 
seen internationally, 1999 figures (Deng 2007) indicate that 24 Industrial sites existed in 
the UK treating wastewater streams from manufacturing process. This however, is 
rapidly changing and from the databases provided by Paques, Veolia and Biothane they 
alone now have 25 sites and a heavy build programme. The breakdown of these UK 
plants is seen as figure 2.15 in which the relevant industrial wastewater is identified. 
Although the extent of construction activity is increasing, the focus remains with the 
simpler so luble industrial food waste industries such as fennentation, beer and alcohol 
related industries. 
Sugar 80013 
Figure 2.15. Numbers of Anaerobic treatment plants per type of industrial wastewater 
treated in the UK. (Deng 2007) 
With the onset of legislation and taxation pressures being applied to reduce landfill and 
with increasing costs associated with the disposal of liquid wastes via the water 
companies (Mogden fonnula), more attention is being applied to utilising AD as a 
solution for food waste treatment and disposal. 
In some cases centralised anaerobic digestion (CAD) facilities are being considered to 
take a vari ety of sourced feedstock with the possible inclusion of animal manures as a 
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base. However, with solid wastes come difficulties associated with pre-treatment and 
hydrolisation of some recalcitrant solids. 
2.4 RECALCITRANT SOLIDS 
Anaerobic digestion of materials including sewage sludge is facing challenges with 
reactor performance and digester sludge properties, in terms of economics and 
legislative requirements. Eastman and Ferguson (1981) concluded that the hydrolysis 
of the long chain molecules and so lids was the rate limiting stage. Boone (1982), 
Parkin and Owen (1986), Zeeman et a/ (1997) and Choi et a/ (1997) confirmed thi s 
hypothesis, specifying that hydrolysis was especially difficult for waste activated sludge 
(WAS) digestion or for feed with high cellulosic materials or lipids. [n fact the 
microbial cell membrane or cell wall of WAS has been considered to have an inhibiting 
effect on the sludge digestibility within the digestion process because it is mainly 
consists of aerobic bacteria. (Choi et al 1997). Barber(2005) identi fied that gas 
generation for primary sludge is far higher than for secondary sludge and even after a 
period of 80 days, biogas yields continue due to the slow hydrolysis, implying the 
recalcitrance of the cells . 
Yeasts are quantitatively and economically the most important group of micro-
organisms commercially exploited. [n the UK alone the total amount of yeast produced 
arulUally, including that fom1ed during brewing, wine-making and di stilling, is in excess 
of I million tonnes. The rates and extent of anaerobic biodegradation of yeast cells will 
be an important reference for surplus activated sludge which is widely reported as 
difficult to break down. The most effective utili sation of yeast components and 
particularly the protein component has not been possible because the rigid cell walls 
cause the yeast to be relatively indigestible and non-assi mable. The component of the 
yeast cell walls are only broken down or hydro lysed with much difficulty (Johnson 
1977). 
The uncertainty in the ability of models to predict the behaviour of inert or slowly 
degradable constituents in anaerobic digestion leads to scientifica lly unverified claims 
by vendors seeking to market technologies for s ludge disintegration (lones et aI2008). 
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It is therefore important to carry suitable laboratory trials before adoption of AD 
treatment for recalcitrant waste products. Research into the digestion of yeast cells and 
their associated by-products give a good comparator to other recalcitTant products. 
2.4.1 Yeast cell biology 
The yeasts are unicellular although because of budd ing they are often in multicellular 
clumps. Most research focuses on the species "Saccharomyces cerevisiae" although 
there are a total of 60 genera made up of 500 species (Russell et aI 1987). Many species 
of yeast and in particular Saccharomyces, produce two very important metabolites -
ethanol and carbon dioxide. The ethanol is used in both beverages and for industTial 
fuel purposes and the carbon dioxide is employed for leavening in baked goods. 
Yeasts are important model experi mental organisms for the elucidation of the basic 
biochemical, metabo lic and geneti c processes of li ving cells. Therefore any research 
into the anaerobic treatment of such micro-organisms wi ll have future applications 
elsewhere. 
Two main types of brewing yeast strains exist; Saccharomyces uvarum 
(carlsbergenesis) and Saccharomyces cerevisiae are used fo r lager and ale respectively. 
Si nce the generation of ales and lagers within the industrial sector is significant, then 
large quantities of yeast are produced requiring treatment or disposal. Traditionally 
three main routes have been utilised; yeast extract business; animal feed; land injection 
or landfi ll. The most effective utilisation of yeast components, and particularly the 
protein component, has not been possible because the ri gid cell wall s cause the yeast to 
be relatively indigestible and non-assimilable. Yeast contai ns glucan, mannan and 
chitin as cell wall components which are only broken down or hydrolysed with much 
difficulty (Jolmson 1977). 
2.4.2 Cell Structure 
Saccharomyces cerevisiae yeast cells are generally ellipsoidal with sizes ranging from 
5- 1 0 ~m at the large diameter and 1- 7 ~m at the small diameter. Mean cell vo lumes are 
29-55 (~m)3 and this will increase with age. Macromolecular constituents of yeast 
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comprise proteins, glycoproteins, polysaccharides, polyphosphates, lipids and nucleic 
acids. See table 2.4 (Feldmann 2005). 
ERaE~.mIc retk:ulum 
Figure 2.16 A typical yeast cell (Fe/dman 2005) 
Class of Macromolecule Categories Major Components 
Proteins Structural Actin, tubulin 
(cytoskeleton) histones 
(H2A, H2S, H3, H4, no 
Honnones HI) ribosomal proteins 
Enzymes A and a pheromones 
Glycoproteins Cell wall components manl1oproteins 
Enzymes functional enzymes 
(invertase) 
Polysaccharides Cell wall components Glucan, mannan, chitin 
Capsu lar components 
Storage Glycogen, trehalose 
Polyphosphates Storage Polyphosphate in vacuole 
Lipids Structural Free sterols in membranes 
Storage Lipid particles (sterol 
esters and triglycerides) 
Functional Phophoglyceride 
derivatives, free fatty 
acids 
Nucleic acids DNA Genomic DNA (80%); 
mitochondrial (10-20%) 
RNA rRNA (80%); mRNA (5% 
cytosol, ER, 
mitochondria), tRNAs, 
snRNAs 
Table 2.4 Major components of Yeast cells (Feldmann 2005) 
30 
2.4.2.1 Cell walls 
In contrast to mammalian cel ls, yeast cells (Figure 2.16) are surrounded by a rigid cell 
wa ll and develop birth scars during cell division . The wall of a yeast cell is a relatively 
thick envelope of between 100 and 200 nm ., it contains some 15-25% of the dry mass of 
the cell. (Figs 2. 17 and 2.18). The major structural constituents of the cell wall are 
polysaccharides (80-90%), mainly made up of the sugars glucan and mannan, with a 
minor percentage of chitin. Glucans provide strength to the cell wall, forming a 
microfibrillar network. Mannans are present as an Cl-I ,6 linked inner core with Cl-I ,2-
and Cl-I,3 side chains and are thought to provide rigidity. Chitin is a polymer ofN-
acetylglucosamine represen ting only 2-4% of the cell wa ll mainly located in the bud 
scars (Feldman 2005). 
Figure 2.17 Architecture of a yeast cell wall (Feldmall 2005) 
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Figure 2.18 COllstituellts of a yeast cell wall (Feldmal1 2005) 
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2.5 USE OF ANAEROBIC DIGESTION IN THE YEAST INDUSTRY 
2.5.1 Yeast factory effluent 
There has not been a significant amount of research work on yeast or yeast industry 
wastewaters published within the recognised journals. However, Van Der Merwe and 
Britz (1993) researched the treatment of baker's yeast wastewaters with variable 
strength 11 ,000 to 88,000 mg/I and high su lphate concentrations in both an anaerobic 
filter and hybrid digesters. A summary of results of their testing can be seen in tab le 
2.5. 
COD HRT OLR Removal Gas Yield 
mg/I days kg COD/m' .d Efficiency m' CH,/kg 
% CODrmv'd 
Anaerobic 11,000 - 3 8.6 67 0.21 
Filter 29,000 
Hybrid 11 ,000 - 3 8.6 65 0.21 
29,000 
Table 2.5 Bakers yeast wastewater testmg results (Van Der Merwe and Bntz. 
1993) 
Gas yields were below the theoretical maximum of 0.395 m' CH,/kg CODrmv'd for 
glucose at 35°C. It was reported that the digesters could maintain a HRT of3 days with 
an OLR of 10 kgCOD/m'.d although the digesters did become unstab le at this point. 
Kalyuzhnyi et al (2005) supported these results with their trials using UASB reactor 
under laboratory mesophilic conditions of35 ·C. COD removal efficiency was 52-74% 
at OLR's of3.7 - 16 kgCOD/m'.d at an HRT of3 .1 - 4.4 days 
2.5.2 Yeast Extract plant effluen t 
There was one directly applicable paper from Japan which describes yeast extract 
process ing wastewaters. Asahi Breweries Ltd. undertook pilot studies of waste water 
treatment in advance of building a full scale plant. The Koganei plant is one of Asahi's 
yeast processing plants where the brewer's yeast removed from several breweri es is 
processed for yeast extract (Yoda et aI 199 1). The process utilised within this study is 
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directly simi lar to that used by Uni lever UK Foods' Marmite plant in Burton on Trent 
which has been used as the main focus for thi s project. 
The wastewaters experienced at Asahi Breweries are made up of yeast processing 
machinery washings and genera l fl oor cleaning wastewater. Total COD varies but the 
long teml average was 42,600 mgll (sCOD 38,900 mgll). Since ethanol is carri ed over 
wi th the spent yeast, thi s forms a large part of the effluent stream which carries a COD: 
BOD ratio of 3: I. Flow rates reach between 250- 300 m' /day. 
A pilot study utili sing an Expanded Micro-Carrier Bed (MCB) reactor of246 litres 
vo lume combined with a 500 litre holding and pre-acidification tank was carried out 
using various dilutions of the fu ll factory effluent wastewater. OLR's were varied 
between 5 and 13 kgCOD/m3 d to determine the stabi lity of the digester. Regard less of 
the influent concentrations, gas production corresponded well with the organic loading. 
Influent COD's of 11 ,300, 15,400 and 29,600 mgll were applied with the subsequent 
removal efficienci es of97.6%, 98% and 98.6% respectively. Ultimately testing was 
maintained at an OLR of 13 kgCOD/m3.d and with a COD concentration of29,000 
mgl!. The results are shown in table 2.6. 
Yoda also describes a tri al in which the digester temperature was reduced to 25 .8 °C and 
he reports no apparent effect on COD removal efficiency or gas production at the OLR 
of 13 kgCOD/m3 d. 
COD Loading Rate Methane Methane COD removed 
mgll kgCOD/m'. d Production content % 
Nm'lkgCOD nnv'd % 
29,600 13 0.33 75-80.8 97.6-98.6 
Table2.6 pt/ot studies Asalll 's Kogallel plant (Yoda et al 1991) 
The resistance to any variation in the influent concentrations was reported to be due to 
the effect brought about by internal recycling where a di lution ratio of 10 at the upper 
COD loading of29,600 mgll gave an influent strength of2,990mgll. 
A full scale anaerobic digester plant (Biosaver®) was constructed based on the pilot 
plant results. Two 488 m' digesters supported by a 500 m' holdinglpre-acidification 
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plant followed by 2000 m' aeration tank for final effluent polishing. Performance test 
results are shown below in tab le 2.7. 
Loading Methane Methane Gas COD SS 
Rate Production content Production removed removed 
kgCOD/m'.d Nm'/kgCOD % Nm'/ m'/d % % 
mw'd 
9.8 0.33 78.6 3.82 93.5 53.4 
Table 2.7 ., Full scale average peliol'lI/allce tests Asalll s Koganel. plallt (Yoda et af 
1991) 
Lnterestingly, the lower removal efficiency of suspended so lids represents the possibility 
that yeast cell s passing through the effl uent stream may not be being digested and thus 
pass directly through to sludge or surplus anaerobic biomass. This was not investigated 
or reported by Yoda et af but could be an important influence on downstream processes 
depending on their characteristics (size, biodegradability etc). This is typical ofUASB 
behaviour which incorporates a low HRT and hence only rapidly hydrolised substances 
are converted through the process to biogas. 
2.5.3 Yeast extract and yeast cell wa ll debris 
As reported for the Asahi Breweries plant, any yeast extract business will produce a 
variety of products in the wastewater. Solids including elements of yeast, yeast extract 
(cytoplasm) and cell wall debris wi ll escape into the genera l yeast effluents wastewater, 
but very little research work has been evident within the standard journals on these 
products from the yeast ex tract industry. Moeller-Chavez and Gonzalez-Martinez 
(2002) did undertake some work which demo nstrated that the addition of small amounts 
of yeast extrac t after thennal pre·treatment enhanced the overall efficiency of the 
Anaerobic Digestion of primary sewage sludge. 
The yeast ex tract (or cell conten ts) is biodegradab le and because of its complex 
nutrients is a supplement. Therefore it is suggested that the major issue is the fate of the 
so lids or yeast cell walls which have not been researched at all (e lectronic search of 
refereed journals) but assumed to be refractory given their biochemistry reported in 
section 2.4.2. 
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2.6 GENERAL PRE-TREATMENTS IN ANAEROBIC DIGESTION 
Using pre-treatment is expected to enhance the digestion process for most so lids type 
wastes, compared to a simple digester and would therefore induce the fo llowing 
advantages: 
• increased gas production 
• Improved solids reduction 
• Shorter retention times and therefore smaller digesters 
• Pasteurised sludge 
The latter function is the main reason for the compulsory treatment associated with 
Animal By-Products (ABP) in which specific guidelines are prescribed within the 
Directi ve. The categori sation of ABP wastes is identi fied in appendix I . 
2.6.1 ABP conditional pre-treatment 
Some feedstock including food waste and ABP 's will need maceration as a first stage of 
treatment which has obvious benefits with improved hydrolysis. In the case of ABP 
waste, a max imum size is al so stipulated as is compulsory sterili sation or pasteuri sation. 
E.g. 
• Category 2 wastes used in digestion must be sterili sed: 
Size <50mm; 
Temperature > 133°C for >20mins; at an absolute steam pressure of not 
less than 3bar. 
• Category 3 materials containing Animal by-Products originating from 
animals fit fo r slaughter but not fi t fo r human consumption as well as animal 
by-products from food production and catering waste must be pasteurised. 
Size <12mm; 
Temp >60°C; 
Time >60mins. 
• Man ure, although Category 2, needs no pre-treatment before digestion. 
This pre-treatment not only adds heat to the process feedstock , but it will 
also aid hydrolysis ifkept within an enclosed chamber. 
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2.6.2 Alternative pre-treatments 
Mechanisms ex ist which may be app li ed in the attempt to hydro lyse sludges by 
mechanical, chemical or thermal means or by any combinations of these methods: 
Mechanical disintegration 
Wet milling, which involves grinding a substance in a liquid , has been used to break up 
microbial or plant cell walls in order to make a better use of the cytoplasm of the cells 
and as a way to improve anaerobic digestion (Baier & Schmidheiny 1997). According 
to Baier and Schmidheiny, ball milling (i.e., using a grinding media such as balls or 
pebbles) of waste sludge achieves better disintegration results than high-speed cutter 
milling. 
Maceration IS the common approach to reducing the particle size. Its success IS 
dependent upon the waste characteristics and ease of size reduction. 
Ultrasonics has been reported to have the capability to break down organisms and this is 
described in more detail in section 2.7. 
Biological degradatioll - Ellzymes 
Biological degradation as a pre-treatment process for different types of waste has shown 
improvements in the final biogas yield in anaerobic digestion. Biological degradation as 
a two-phase process has been applied as a pre-treatment of the waste obtained from the 
alcohol sti llage of cane-molasses with significant ly better results than the single-phase 
process (Yeoh 1997). 
Enzymes were used as a pre-degradation treatment of baker's yeast effluent in the 
previously noted work by Van der Merwe & Britz (1997) and, as in Yeoh's (1997) 
research, a two-phase process has been used. The study claims it increases the sCOD, 
increases stability in the system even with high organic loading rates, and improves 
biogas yie ld . 
The literature 011 the fom1s of pre-treatment is extensive and therefore a table presenting 
efficiency and conditions for pre-treatment for sewage sludge which gives a general 
overview has been included (table 2.8). 
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2.6.3 Pre-treatment for the yeast related industry. 
Most pre-treatment techniques known until now have been appl ied to carry out the pre-
degradation of sewage sludge, food wastes and MSW. 
Studies have been undertaken on the breakdown of the yeast cell wall but not 
specificall y as pre-treatment for anaerobic digestion. These are listed below and may be 
considered in the future to aid the accelerated breakdown of the cells and enhance 
digestion performance parameters. 
o Lysis with Bacillus or Thermoactinomyces: The use of bacteriolytic enzymes 
such as Coprinus, in which the enzyme is cultured under aerobic conditions with 
the yeast. An enzyme process in which the yeast is treated at a temperature 
above 50°C. by lytic enzymes derived from thermophilic bacteria (Johnson 
1977). 
o Mechanical rupture under alkaline conditions, in which the yeast cell walls are 
rendered weaker by high pHs of aro und 10 to II (Johnsol1 1977). 
o Hydrodynamic Cavitation is reported in a recent study. The effects of cavitation 
are classified as chemical and physical: "The chemical effects are associated 
with the generation of free radicals. The physical effects include the generation 
of shock waves, water-hammer effect and turbulent bubble motion" 
(Balasundaram & Harrison 2006). 
o Homogenisation of yeast cells utilising an homogeniser from Soavi Italy, 
operating at a maximum pressure of 350 bar with a throughput of 6 tonne/h 
(HatTison 1998). 
As has previously been described, little research is reported for the treatment through 
anaerobic digestion of yeast cells, but if any degradation is to be enhanced then pre-
treatment may be essential. Ultrasonic treatment of recalcitrant cells such as yeast may 
prove to be an effective pre-treatment. 
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Type Process Sludge Characteristics Main conclusions Authors 
Mechanical Stirred ball mill AS (age 7 days), TS =4.2 gII 10% increase in the biogas production after 500 hours. VS Baier and Sclmlidheiny 
VS =68% TS degradation =57% (38% control) 1997 
Stirred ball mill WAS, SS = I-4% Degree of organic matter degradation was 10 -20% highe r Muller el af 1998 
compared to the untreated sludge. 
High pressure WAS filtered by a standard testing VS removal - 13-50% for WAS pre-treated under 30bar Choi el af 1997 
homogenjsation sieve with a digestion time of 2-26 days. VS remova l = 2-35% 
for intact WAS 
Lysis thickening Thickened excess activated sludge Methane yield improved by an average of 31.8% (8.1 - Dohanyos el af 1997 
centrifuge (TES), TS =35.7 gll, VS =27.6 gll 86.4%) 
Methane yield improved by an average of 13.6% (0-24%) 
for mixture ofTES +primary sludge. 
Thermal Thermal treatment Air thickened WAS, TS =4 .3%, VS WAS bio-convert ibility increased with pre-treatment . At Stuckey and McCartney 
reactor =72% TS maximum of 175°C the methane production increased 27% 1984 
compared to control 
Cell disruption WAS concentrated by flotation Methane generation increased by 52 .1 % and an organic Wang el af 1997 
matter destruction o f 26.6% was achieved wi th WAS pre-
lTeated at 60 ·C (HRT =8days). 
No remarkable difference in methane generation between 
pre-treatment at 60, 80 and 100 · C 
Chemica l Alkaline WAS, TS - IOgll ( 1%) concentration Gas production increase: Lin el af 1997 
solubilisation adjusted. 22 -94% for 20 meql pre-treatment 
19 -86% for 40 meq I pre-treatment 
106 -287% for WAS 2%TS + 20 meql 
Ozone oxidation Surplus sludge (primary and Digestion rate accelerated by a factor of 2.2 Weemaes el af 2000 
secondary AS) Average methane production rates: 
6.8 rnICH.t(gCOD.d) for the 0.05g0,lgCOD 
9. 1 rnICH.t(gCOD.d) forthe 0.1 OgO,lgCOD 
4.3 m.lCH.t(gCOD.di for the untreated sludge 
Table 2.8 Overview of pre-treatment applicable to sewage sludge before anaerobic digestion 
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2.7 ULTRASONICS AS A PRE-TREATMENT 
Due to the recalcitrant nature of yeast as has been described earlier, ultrason ics is 
explained with more detail to determine its poss ible effectiveness in dealing with such 
tough cell s. 
2.7.1 Introduction to ultrasonics 
Anaerobic digestion is the most common treatment method for sewage sludges. Sludge 
digestion has advantages over altemative treatment processes but it is capital intensive. 
This has led to a number of more complicated process streams. The common theme to 
all these improvements is two stage or multistage operation to enhance the gasi fi cation 
of the solids. To date the most common forms of pre-treatment have been simple such 
as load balancing, thickening or heat treatment' These all improve the hydrolys is of 
large molecular weight materi als and solids. This pre-treatment has then been added to 
an ex isting digester to get greater performance out of the more complex anaerobic 
digester assets. 
In recent years however there have been major efforts to enhance perfo rmance of 
anaerobic digestion further. This has been to cope with the increased vo lumes of 
sewage sludge both as a result of additional treatment processes (to meet new discharge 
standards) and to sustain the use of anaerobically digested sewage sludge (biosolids) in 
agriculture. Ultrasound is one of several technologies which promote the digestion of 
materi al where hydrol ysis is rate limiting. Much has been published on the application 
of ultrasonics and other mechanical , physical, chemical and biological pre-treatments to 
improve the biodegradability of, in particular, biomass cell walls in waste acti vated 
sludge and lignocelluloses and other fibres in primary sludges. 
2.7.2 Science of ultrasonics 
"U ltrasound represents a wide range of frequencies beyond human hearing from 20 kHz 
to about 10 MRz and can be generated at a broad range o f frequencies and acoustic 
intensities" Neis (2000). When an AC vo ltage is applied to a crystal , the crystal 
changes shape in tune with the electric fi eld . This is called the piezoelectri c effect. The 
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crystals or transducers used today for ultraso und are lead zirconate titanate which 
provides large amplitudes with small power inputs at 20 kHz. 
As a sound source vibrates, waves are produced in liquid that vibrates in sympath y with 
it. These waves have areas of compression, where the pressure is increased, and 
rareFaction where the pressures are lowered. I F the areas of rarefaction lower the 
pressure sufficiently, then cavitation will develop. These bubbles or cavities take many 
cycles to grow to what is known as resonant size, at which point they collapse instantly 
and violently in one compression cycle. This produces high local pressures which are 
believed to be in the region of 500 bar and creates temperatures in the order of 5,OOooK 
(Tiehm et a/ 200 1). Since the bulk liqu id temperature is below the boiling point there is 
insufficien t energy to sustai n the vapour phase within the cavitation bubble and it 
condenses back into the liquid phase leaving behind a vo id. The surrounding molecules 
then rush in to fill the vo id, colliding and rebounding as a shock wave. 
At 20 kH z the resonant bubble size is about 150 microns and since it is larger than the 
smaller bubbles created at other fTequencies, it co llapses with greater force. Tiehm et al 
(200 1) utili sed ultrasonic frequencies ranging From 41 to 3,217 kHz and demonstrated 
that max imum disintegration of waste acti vated sludge occurs at the lower frequencies. 
This was attributed to the higher frequencies creating smaller cavitation bubbles which 
do not allow the initiation of such high shear Forces as with the lower frequency 
generated bubbles. 
As the cavitation action occurs, it intToduces heat into the liquid undergoing ultrasonic 
treatment causing the temperature to rise. With this ri se in temperature, the tendency 
for the bubbles to implode decreases because of the higher vapour pressure of the gas in 
the bubble. For thi s reason, cell disruption is more effecti vely achieved at lower 
temperatures requiring in some cases cooling of the treatment process. 
Cavitation also creates reacti ve radica ls (Ho. OHo) and the thermal breakdown of 
substances (pyrolysis) which causes chemical reactions. The cavitation bubbles are 
fi ll ed with vapour and surrounded by a liquid hydrophobic boundary layer. The vo latile 
and hydrophobic substances are accumulated preferentially in the bubbles, where they 
are subjected to pyrolitic or radical reactions . Some of the radica ls escape from the 
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vapour, reach the liquid boundary layer and pass on into the bulk solution where 
reactions with hydrophilic substances take place (Neis, 2000). 
Doulah (1977) suggested that chemical reactions have no effect on cell disintegration, 
which is thought to depend only on the mechanical forces arising from the cavitation. 
Neis (2000) reported that recent studies indicated that sonochemical phenomena occur 
mainly at mid range frequencies between 100kHz and 1000 kHz whilst Portenlanger 
(1999) explained that the hydromechanical shear forces produced by ultrasonic 
cavitation worked best at fTequencies less than 100 kHz on materials with a molar mass 
above 40,000. In fact the bubble radius is inversely proportional to the ultrasound 
fTequency, therefore the application of low frequencies creates larger cavitation bubbles 
(Tiehm et al200 I). They also concluded that the hydromechanical shear forces created 
by ultrasonic cavitation are more important for sewage sludge disintegration than 
sonochemical processes. 
Neis (2000) emphasised the fact that ultrasound has been used for many years in fields 
such as medical diagnosis, cleaning and flaw detection but that it has only recently 
attracted attention for environmental applications. Those app lications are shown in 
table 2.9. 
Domain Objective 
Potable Water • Inactive bacteria (disinfection). 
• [mprove separation of so lids. 
• Inlprove filter regeneration. 
• Remove encrustation in pipes and 
wells. 
Wastewater • Sonochemical pollutant degradation. 
• Improve biological degradation. 
Sl udge • Disintegrate Biosolids. 
• Decompose bulking activated sludge 
flocs to allow sedimentation. 
• Improve dewatering. 
Table 2.9 Ultrasound app/zcatlons III environmental engll1eertng (Nels 2000) 
2.7.3 Laboratory scale 
Clarke and Nujjoo (2000) used a 9 kW Sonicator comprising 3x 3 kW radial horns and 
demonstrated enhanced sludge digestion with deli very of substantially higher levels of 
ultrasonic intensity than the probe type systems. 10 litre glass vessels were used as 
digesters operating at 3SoC in a water bath. Through digestion and application of 
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ultrasonics to the primary feed they obtained up to 61 % increase in methane yield (table 
2.10) at the HRT of IS days but at a low HRT of 12 days the digestion failed both with 
and without sonication. When ultrasonics was applied to the secondary sludge (SAS) 
they also produced a gain of 47% in gas production. The results shown in table 2.10 
have been normalised i.e. expressed relative to a control vessel, they are therefore 
dimension less . No infonnation was given about the detailed characteristics of the 
primary sludge and the surplus acti vated sludge (SAS) used and no statement was made 
concerning the impact on total gas production. 
HRT 
Digester Feed 12 Days 15 Days 19 Days 25 days 
Primary 
Sludge 
(Sonicated) 
Primary 
SAS 
(Sonicated) 
SAS 
Failed 1.61 1.62 1.41 
(1.57-1.64) ( 1.32-1 .93) (1.37-1.46) 
Failed I I 
- - 1.47 
( 1.38-1.56) 
- - I 
NB Specific methane Yield IS based on m CH, / kgYS removed 
Figures in brackets arc the 95% confidence levels 
I 
-
-
Table 2.10 Normalised mean specific methane yields (Clarke and Nu}joo, 2000) 
When ultrasound is app lied to waste activated sludge (WAS) its structure and properties 
are affected in various ways. Chu et al (2001) investigated the changes occurring in 
ultrasonically treated waste activated sludge. The changes examined, included 
structural changes, dewaterability, microbial density and temperature effects. They 
used a frequency of20 kHz, a maximum power of 110 W in a sample size of250m l of 
waste activated sludge. The experimentation was principally reviewing the effects of 
ultrasound on the heterotrophic bacterial destruction, but measurements of soluble COD 
showed an increase relative to total COD after ultrasonic treatment according to power 
levels and time periods. 
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Figure 2.19 sCOD I tCOD ratio vs sOllicatioll time wilh alld without bulk 
temperature cOlllrol (ChLl et al 2001) 
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Chu et aI's research (200 I) a lso demonstrated the added effect of allowing the 
temperature to increase during sonication whereby greater release of sCOD occurs 
(Figure 2.19). Unfortunately they did not record the temperatures reached. This, 
although not identified directly, does intimate that hydrolysis will have occurred quicker 
with uti lisation of ultrasonics. Barber (2005) suggests optimum temperature for 
hydro lysis is 40·C which may support such improvement. Chu el at (2001) concluded 
that both bubble collapse and induced bulk solution temperature rise are equally 
important in sludge floc disintegration lysis. Further work is needed to quantitatively 
compare the di fferences between ultrasonics and temperature. 
Cimochowicz-Rybicka et al (2008) demonstrated similar increases in gas generation 
from the application of ultrasound for varying periods of time. The breakdown of flocs 
within WAS is clearly evident [Tom microscopic images using dye (Figure 2.20). 
With sewage WAS much of the floc contains fibrous material which binds the biomass 
in. Ultrasonics appears to break down this binding action thereby allowing free mixing 
and therefore greater methanogenic activity. 
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No sonication 3 minutes sonication 7 minutes sonication 
Figure 2.20 Microscopic image of dyed WAS comparing sonication times 
(Cimochowicz-Rybiclw et al 2008) 
2.7.4 Pilot scale 
Tiehm et al (1997) treated raw sewage sludge using 150 litre fermentors with a high 
perfonnance ultrasound pre-treatment reactor at 3 1 kHz. applying 3.6 kW within a flow 
through cell with a residence treatment time of 64 seconds. In the study, app lication of 
ultrasound for a 96 seconds period achieved 30% of the maximum disintegration 
achieved in the sludge compared to complete chemical disintegration with 0.5 moll l 
sodium hydrox ide for 22 hours at 20·C. The performance was measured by the release 
of sCOD into the supematant. The experiments demonstrated that the retention times of 
anaerobic digestion could be reduced from 22 days to 8 days by applying this degree of 
ultrasound. The percentage vo latile so lids removal from the digester improved even 
with residence time reductions down to 8 days although the research did not show 
improved gas production which remained constant throughout the range of ultrasound 
application. This is important since volatile so lids have to be converted to gas if 
digestion is to remain stable. Thus the data is ambiguous as to whether VS reductions 
are due to VOC losses, VS precipitation in the digester or gas production. 
Chiu et al ( 1997) supported Tiehm's research with work on waste activated sludge 
demonstrating an increased soluble COD, when ultrasonics of between 20 and 120 kHz 
were applied. This increase was enhanced further by application of an alkaline pre-
treatment. Temperature measurement and its effect on the sludge were not identified in 
the research nor was any anaerobic digestion treatment reported. 
Tiehm et al (2001) in further experiments explored the effects of higher frequency on 
waste activated sludge disintegration. They used ultrasonics at frequency ranges 
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41 - 3,2 17 kH z, and in comparison with their earlier work, concluded that disintegration 
of waste activated sludge was more significant at lower frequencies. The work also 
noted that short sonication times resulted in sludge floc deagglomeration but longer 
time periods were needed to create the break up of cel l walls. Testing included times 
fTom 7.5 minutes to 150 minutes. The highest digester perfomlance in temlS ofYS 
degradation, biogas yields and methane content occurred at the higher time periods. 
The increase in biogas yield was in contrast to their earlier work. The economics of 
such an ex tended process would need to be considered ifsuch treatment was to be used 
in a practical and commercial way. Tiehm also determined that disintegration of ce ll 
structures is most significant at low frequencies . The bubble radius is inversely 
proportional to the frequency and large bubbles create strong shear forces, therefore he 
determined that an ultrasound frequency of20 kHz ought to be the most appropriate. 
Gronroos et af (2005) investigated power input rather than frequency of ultrasound. 
They demonstrated greater gas production with ultrasound but found higher energy 
efficiency at high ultrasound power together with short treatment time rather than low 
power with long treatment time as suggested by Tiehm. Their experiments were based 
on determining the sCOD of treated samples of sludge as a pre-cursor to anaerobic 
treatment. Ln every case they found significant increases in sCOD with treatment time 
and thi s was related to the gas production in the digester. 
Onyeche et al (2002) supported this conclusion when he carried out batch testing of 
ultrasonics applied to sludge samples for periods up to 60 minutes using 200w, 20kHz 
ultrasonic cell di srupter. The samples tested with higher power did produce more 
biogas, Onyeche concluded that the additional gas produced did not compensate for the 
additional ultrasound power utilised. All resu lts obtained showed that no net energy 
was gained through ultrasonic treatment of sludge samples. They concluded however, 
that the break down of large organic molecules into smaller molecules for subsequent 
improved bacterial metabolism would ultimately lower costs by reducing vo lumes for 
di sposal and improving the performance of the digester. 
Table 2. 11 summari ses previous work undertaken on waste activated sludge utilising 
ultrasound in laboratory, pilot and full scale plants (Ek 2005). Reports in the literature 
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tell of floc size reduction (Chu et at 200 1,2002), cell lysis (Tiehm et at 1997; Chu et at 
200 I; Brown et at 2003), increased concentration of soluble COD (Tiehm et al 1997; 
Chu et a1200 1; Lafi tte-Trouque and Forster 2002; Brown et at 2003; Gronroos et at 
2005), increased vo latile so lids reduction (Tiehm et at 1997,200 1 ; Brown et at 2003; 
Rooksby 200 I ) and increased biogas production (Tiehm et al 200 I ; Chu et at 2002; 
Rooksby 200 1; Brown et a12003; Gronroos et at 2005). 
This can be summarised into the following benefits: 
o Increased concentration of sCOD. 
o Lncreased vo latil e so lids reduction. 
o Increased biogas production. 
2.7.S Full scale plant operation 
Barber (2005) described how low intensity applications were useful in acti vated sludge 
plants where there are foaming and settling problems. His analysis records data from 14 
operating plants utili sing Dr. Hielscher GmbH manufactured equipment. The 16 kW 
cascade sonotrodes (sonic probe heads) are relati vely small having dimensions of 1200 
x 600 x2500 (H) mm and are capable of treating sludge from a population equivalent of 
150,000 - 200,000 as secondary sludge. 
Numerous facto rs control the dewaterab ility of sludge. However, the potential ex ists 
fo r reduction of dewatering potenti al of sludge due to the changes to the s ludge 
structure. Previous work using Capillary Suction Time (CST) and gravity filtration 
testing is reported as demonstrating that sonication reduced the dewatering potential of 
sludge (Barber 2005). However, Potthoff (2001 ) is reported by Barber to have 
demonstrated that the negative effects of sonication on dewatering (at constant vo latil e 
so lids) could be overcome by exposing only a fraction of a secondary sludge stream to 
ultrasound and blending this into a recycle stream to the digester. Barber reports on one 
full scale plant in which the parti al treatment of the secondary sludge stream yielded an 
increase o f 45% in biogas production from 0.2 to 0.29 m'lkgVS(addcd) coupled with a 
similar improvement in VS destruction. HRT was however, long at 69 days. 
From analysis of full scale operating plants utili sing ultrasound technology, Barber 
determined that OLR's could be increased by between 20 -50% before a decrease in 
perfonnance could be expected. This is with a constant HRT. He stated that whilst it is 
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possible to increase the loading rate at a constant retention period, it is also feas ible to 
keep the OLR constant by reducing the HRT. He assessed the potentia l fo r reducing 
HRT by between 25 -30% due to improved digestion resulting from the use of 
ultrasound. This is supported by Nickel (2002) who suggested that a 50% decrease in 
HRT was achievable. 
This research also demonstrated a net energy balance across a full size operating plant 
(F igure 2.2 1). 
Generated Energy Excess Energy 
No Uhrasound 254 kW No Ultrasound 7 kW 
Ultrasound 33 1kW Ultrasound 84kW 
CH, 1 65% 
Sludge Hc:.u ing Yield 0.85 m1lkgYS 
No Ultrasound 187kW 
r- Ultrasound 187kW 
- Hem Losl to Surroundings 
Ultraso nic Power Applied 
f4 No Ultrasound 60kW 12 KW 
Ultrasound 60kW 
Q 200mJ/d HRT 20 d 
OS 5% V 4000m 
VS 75% A 12001ll 
T ISoC T 35'C 
Figure 2.21 Typical Energy balance over a diges/er wilh and wi/holl/ ullrasound 
/rea/men/ of injlllen/ (Barber 2005) 
The ultrasonics applied, consumed 12 kW of power and resulted in an increase in 
energy yield of 77k W. Even taking into account the efficiency of energy conversion 
from gas to electricity, th is demonstrated the additional cost effectiveness of this pre-
treatment process. This fu ll scale operation contrad icted the findings of Onyeche e/ af 
(2002) and Muller (200 1) in batch laboratory trials, who suggested that ultrasound was 
not cost effective. 
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Reference sCOD VS 
Reduction 
Tiehm el al. (1997) Control 630 mg/I a 45.80% 
Sonicated 2270 mg/I a 50.30% 
Chu et 01. (200 I) Control 0.5 % c 
Sonicated 20%c 
Tiehm el al. (200 I) Control 2 1.50% 
Sonicated 27.30% 
Sonicated IIlcrease 33.70% 
Chu el al. (2002) Sonicated 
Lafitte-Trouque Sonicated 354% None d 
and Forster (2002) 
Rooksby (200 I) Control 46% 
Sonicated 78.70% 
Brown el al. (2005) Control 
Sonicated Increase 
Gronroos el 01 Sonicated 
(2005) 
Ek (2005) Sonicated 96 
, Average va lues 
b Only increase in gas production with reduced retention times 
, sCOD as a percentage of total COD 
d No statistica l signifi cance 
, Rooksby and Brown et a l use the same type of equipment 
f Five ultrasonic horns each operating at 3kW 
g Most assays, some cases gave a sl ight decrease 
Biogas Frequency Power input 
Product ion IlkHz) 
None b 3 1 3.6 kW 
Increase 20 0.33 WI ml 
[ncrease 4 1 
Increase 4 1 
[ncrease 20 0.33 W I ml 
None d 23 0.47 W /ml 
+25 -50% 20 5.3 kW 
340 mll g VS 
550 ml/gVS 20 5.3 kW 
+ 10-20% g 27 900 W/I 
20 
Table 2. 11 SUlllmary of previous work done on ullrasonic [realmenl of wasle aClivaled sludge (Ek 2005) 
Treatment Energy input Sca le 
time 
Pilot 
64 s 0.064 kWh Pi lot 
Lab 
120 min 660 kWh Lab 
Lab 
30 min Lab 
150 min Lab 
20 min 110 kWh/m3 Lab 
90 s 12 kWh/m3 Lab 
Full 
- 1.5s Full 
Full 
- 1.5 s Full 
s 30 min S 150 Wh/m3 Lab 
Full 
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Barber (2005) reported on data from several full-scale plants with part-stream 
ultrasound but significantly also noted the influence of other improvements in operating 
conditions accruing from the more intensive attention. Barber concluded however that 
preconditioning to improve digestibility of secondary sludges and also using two stage 
digestion in design would be beneficia l irrespective of the type of preconditioning. 
Vera et a! (2006) reported on two German full-scale digesters. In case one where a pilot 
trial led to a full-scale installation, VS destruction increased by about 10%. In the pilot 
trial the waste activated sludge was centrifuged prior to the ultrasound treatment and 
whether this was also used at full-scale was not made clear. The second case study was 
also complicated by the direct addition of food waste into the digesters which were 
overloaded and not perfonning well. Substantial improvements 25% greater VS 
destruction, elimination of foaming and 30% more gas were reported with ultrasound 
treatment of all the WAS. 
Muller(2001) however suggested that ultrasound was the least efficient of the 
mechanical processes available. Sonic probes (Sonotrodes) consumed more power and 
required as much maintenance from erosion and clogging as the other mechanical 
processes. Most other research with one exception (Onyeche 2002) demonstrated net 
energy bene fit. In all cases there was improved hydrolysis and digestion which would 
benefit financial benefit. 
Friedrich (2002) identifies that the type of sludge treated detennines the effect of 
disintegration. Sludges with a high percentage of micro-organisms (i.e. secondary 
sludges) give best results. In contrast he states that the di sintegration of primary sludges 
which are already readily degradable, do not show considerable positive effect on 
digestion. He further identified 7 sewage treatment plants in Gennany, where the 
objective for utilising ultrasonics was predominantly to enhance the digestion but in 5 of 
these case studies it was seen to enhance dewatering capability. 
Most research has suggested lower frequenc ies work better and combinations of power 
and exposure time also increase rates of hydrolysis . The literature review is however 
not clear on the benefits of the induced increases in temperature, chemical reactions or 
basic details of the sludge such as molecular weight and other characteristics. 
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Chapter 3 
OBJECTIVES 
3.1 INTRODUCTION 
Increasing pressures driven by legislation, perception, cost and sustainability are 
encouraging the yeast related industries into challenging the existing practices for 
treatment or disposal of wastes. A literature review has suggested a lack of published 
papers in this area and has confirmed a number of research needs. 
The literature review has identi fied that research has been undertaken on bakers' yeast 
wastewater, brewery and other fermentation wastes (Section 2.5) but these do not 
include work on the recalcitrant yeast cells or cell walls. 
The overall aims of this research can thus be summarised as follows : 
I. To review the feasibility of treating yeast industry wastewater by anaerobic 
digestion and quantifying the potential benefits and design limitations ofsuch a 
process. 
11. To detemline the potential for the conversion of recalcitrant yeast cell walls into 
useful gas through anaerobic digestion. 
Ill. Assess the benefits that may ensue from the utilisation of pre-treatment or 
accelerated hydro lysis of wastes contai ning high levels of yeast cell wall debris. 
The details of the experimental objectives devised to provide information in these three 
areas are separated into Sections 3.2, 3.3 and 3.4. 
3.2 FEASIBILITY OF PROCESSING YEAST INDUSTRY WASTEWATER 
THROUGH ANAEROBIC DIGESTlO 
The literature review has identified only a small number of plants which have been 
processing yeast related wastewater and they have reported varying degrees of 
performance. The specific objectives in this area were: 
I. An initial part of the research was to measure and characterise the waste water 
from one of the UK's largest yeast processing si tes so as to identify the seasonal 
and production variability risks to anaerobic treatment. 
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11. A second task was then to compare the literature experi ences from full scale 
plants treating yeast industry wastewaters with two previously unreported long 
tenn case studies in the UK. One was a pilot sca le at the test site used for thi s 
thes is (noted in 3.2.i) . The other was a full scale plant commissioned in 1999. 
Il l. lnternational standard batch biodegradabi lity trials (BMP's) were then used to 
deternline ultimate gas yields. These were to be followed by steady state batch 
fed laboratory scale CSTR tri als to determine design process parameters 
including : OLR, HRT, gas yield, organic conversion and methane content. 
I V. From the above reviews and experimentation, the objective was to assess the 
feas ibility of utilising anaerobic digestion for the treatment o f yeast extract 
industry wastewater, identifying the advantages and limitations. This would 
enable an assessment of commercia ll y available technologies suitable for a full 
sca le anaerobic digester. 
3.2 DETERMINE THE POTENTIAL ORGANIC DESTRUCTION OF 
RECALCITRANT YEAST CELL WALLS THROUGH ANAEROBIC 
DIGESTION. 
Brewing yeasts and many other industrial yeasts, because of the strengthening 
compounds of the cell walls described in 2.4.2, are generally resistant to processing. 
The most effective utilisation of yeast components and particularly the protein 
component has not been possible because the ri gid cell walls cause the yeast to be 
relative ly indigestib le and non-assimilable. Therefore the component of the yeast cell 
walls are only broken down or hydrolysed with much diffi culty (Section 2.4). 
Solids, including elements of yeast, yeast extract (cytoplasm) and cell wall debris will 
be part of general yeast process effluent wastewater, but very little research work on 
biodegradation was evident within the standard journals reviewed in Section 2.4. Work 
on yeast ex tract as an additi ve was fo und together with one paper on yeast extract plant 
wastewater (Section 2.4.2). 
Therefore the experimental obj ectives were as fo llows: 
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1. Detennine the ex tent o f conversion of recalcitrant yeast cell wa lls to biogas 
achieved utili sing anaerobic digestion in a laboratory scale CSTR. 
11. Undertake batch biodegradabil ity trials (as in 3.2.ii) to deteml ine the ultimate 
potential gas yields and necessary HRTs to achieve thi s. 
I l l. Assess the potential for co-treatment of mixed wastes of waste water and yeast 
cell wall debris through a two phase experiment using a CSTR and UASa in 
senes. 
3.4 ASSESS THE BENEFITS THAT MAY ENSUE FROM UTILISATION OF 
ULTRASONICS IN THE PRE-TREATMENT OF WASTES CONTAJNING 
HIGH LEVELS OF YEAST CELL WALL DEBRJS. 
The literature review has described a number of potentiai processes to accelerate 
hydrolysis (Section 2.6). Ultrasonic pre-treatment of recalcitrant wastes including 
sewage sludge, is new and has produced positive results (Section 2.6). Yeast cell s as 
noted, are very tough and recalcitrant and therefore application of ultrasonics within the 
process may improve perfonnance during anaerobic digestion. 
The experi mental objecti ves were therefore as fo llows: 
1. Detemline the effecti veness of differing ultrasonic sonotrode sizes using 
combinations of di fferent parameters o f time and power applied to batch 
samples o f yeast cell wall debri s. The effect iveness was measured in tenns of 
release ofsTOC and sCOD. 
11. To compare the standard batch biodegradability trials after ultrasonic treatment 
with those in 3.2 and 3.3. To also compare the perfomlance of ultrasound batch 
fed laboratory scale CSTR, with those in 3.3. This would enable the design 
benefit s of ultrasonics as a pre-treatment to be compared to a control. These 
were quantifi ed by organic conversion, HRT, OLR, gas yield and reactor 
stabili ty. 
Il l. Compare the perfonnance of flow through cell ultrasonic system aga inst a 
control and the batch pre-treatment (noted in 3.4.ii ), as a pre-treatment for a 
laboratory scale CSTR. 
52 
IV. To compare the perfonnance of recalculating the digester contents through an 
ultrasonic flowcell and comparison with the contro ls, quanti fying OLR, HRT, 
gas yield, COD and VS conversion, stabil ity and dewateri ng potentia l. 
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Chapter 4 
METHODS 
4.1 ANALYTICAL METHODS 
All analytical methods were carri ed out in accordance with international standard 
methods. APHA (2002) was used mainly since a ll tests are contained in the same 
vo lume. 
4. 1.1 pH and alkalinity 
pH was measured using a standard electrode/meter Mettler Delta 340 ca l ibrated before 
every use by bu ffer so lut ion to pH 4 and pH 7. 
Alkalinity to acid ratio was measured by means of Rip ley's Rat io (Ripley et at 1986). 
The rat io measures the titrated quantity of O.5M HCI to reach the paliial a lkali nity (PA) 
point of pH 5.75. Further titration to pH 4.3 gives the intennediate alkalinity (lA) point. 
Combination of both into a ra tio gives a greatl y increased sensitivity of a lkali nity and 
provides a simple more reliable parameter to detect process upset and recovery. A 
healthy anaerobic digester treat ing sewage sludge should operate at an acid ity: 
alkali ni ty ratio below 0.3 ; well monitored industri al digesters should operate at ratios 
below 0.5 . An increase in thi s ratio indicates an accumulation of acids, requiring alkali 
addition or necess itating a decrease in the loading of the digester. 
Rip ley's Ratio = IAlPA 
Where; 
PA = Volume of acid used to pH 5.75 
LA = Volume of acid to lower pH from 5.75 to pH 4.3 
4.1.2 Total a nd volatile suspended solids 
Total suspended solids (TSS) and vo lati le suspended so lids (VSS) were measured 
accord ing to the Standard Methods (APH A, 1998). Prewashed glass fibre Whatman 
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GF/C filter papers (1.2 iJm pore size - 95%) were prepared by heating in an oven 
(105°C) for at least one hour and cooling in a desiccator. A well mixed sample (V ml) 
was filtered through a pre-weighed filter paper (W 1) by a vacuum filtration system. The 
filter paper was then placed in an oven for a minimum period of one hour and after 
cooling weighed (W2). It was then placed in a furnace at 550°C for one hour and again 
after cool ing reweighed (W)). The following equations were then used to provide so lids 
concentration in g/l. 
4.1.3 Gas production 
TSS = (W, -W,) x IOOO 
V 
VSS = (W, -W3 ) x I000 
V 
Gas production was measured by severa l means during the period of experimentation. 
lnitially an Alexander Wright LFM 300 Flow Meter was utilised and si tuated in the 
laboratory at room temperature. 
Subsequent measurement was managed through purpose bui lt low flow meters (CES 
Flo-Cell TM) situated in a temperature controlled hot room held at 37 °C (Figure 4.1). 
Such equipment enabled several cells to be used simultaneously and enabled 
comparisons of control and test digesters. 
Figure 4.1 TM Gas flow meter (CES Flo-Cell ') 
55 
In addition some BMP samples were measured using downward displacement of water. 
The digester was connected to the top of a cylindrical gas collector into which was 
situated a 3-way valve at the top which enab led the gas to be sampled or vented to 
atmosphere. The gas collector was connected to a reservoir tank placed on a jack. 
Raising the reservoir filled the co ll ectors and enabled measurements of gas production 
to be made at atmospheric pressure by matching the levels of the reservoir water to the 
co llector water. 
4.1.4 Biogas analysis 
Biogas was analysed utilising a portable gas chromatograph (Varian Micro-GC Model 
CP-2003 P). Sampling was carried through a 3 way valve situated in the gas outlet pipes 
from each digester. 
4.1.5 Chemical oxygen dema nd. 
Initiall y, soluble COD was measured by the standard sealed tube method (APHA) using 
a 2 ml sample, diluted to ensure the COD would be in the range of20 to 300 mgl!. The 
sample is added to a solution made up of: 
- O.S ml of20% Mercuric Sulphate Solution 
- 1.0 ml ofO. I 2SN potassium Dichromate Solution 
- 2.0 ml of Silver Sulphate in concentrated sulphur ic acid 
In addi tion a blank sample is made using 2 ml of RO water placed into a simi lar 
so lution and treated in the sanle manner. The tubes were then heated to ISO°C for 2 
hours on a Hach COD Reactor heating block. After cooling to room temperature, two 
drops of ferroln indicator were added. The mixture was titrated against approximately 
0.02SN standard ferrous ammonium sulphate (FAS) until the colour changed to red. 
The quantity of titrate was noted and used in the fo llowing equation in order to obtain 
the concentration in mgl!. 
sCOD = 
where; 
(Vb -V, )x M x 8000 
V 
Vb = volume of FAS for blank titration (m l) 
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Vs = volume of FAS for sample titration (ml) 
M = concentration ofFAS solution (mol.r l) 
V = volume o f sample (ml) 
The so lub le COD concentration given by thi s equation then needed to be adj usted 
according to the number of serial dilutions done on each sample. 
FAS was standardised against standard K 2Cr20 7 (0.02083M) as follows : 5 ml of 
K 2Cr20 7, 60 ml o f di stilled water and 15 m] of concentrated sulphuric acid were placed 
in a conical fl ask. After cooling, the mixture was titrated with FAS and ferro in 
indicator; the volume of the FAS noted enabling the molarity to be calculated by the 
following equation: 
where; 
M = 0.02083 x 30 
V 
M = concentration of FAS solution (mol.r l) 
V = volume o f FAS used in titTation (m I) 
A Palintest Photometer Model 8000 was used which utili ses prepared sample tubes 
supplied by the manufacturer with designated COD measurement ranges. Dependent 
upon COD range, the sample is diluted if necessary and added into the test tube, mixed 
and heated in the heating block at 150·C for 2 hours. After cooling, the tube is inserted 
into the Palintest reader where an assessment of the colour fo nnation is compared to a 
blank tube made up from 2 ml of RO water, to determine the COD. The high levels of 
dilution cause errors due to the very high COD levels of samples. 
4.1.6 Total organic carbon 
Soluble TOC was measured on the supematant obtained aft er centri fugation at 10,000 
rpm for 10 minutes in an Eppendorf 5804 centri fuge. Appropriate dilutions using RO 
water were appl ied to ensure the sample was in the range suitable for the equipment. 
Total Carbon and Total Organic Carbon were measured by applying a 50 IJ/ sample into 
a Rosemount DC- 190 Total carbon analyser. Samples were measured until consistency 
was attained within a suitable standard deviation. 
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4.1. 7 Particle size 
Partic le size is measured by a Malvem instruments Mastersizer 2000. A se lected 
sample is passed gently into a circulating fl ow of RO water from which a background 
count has been measured. The apparatus then carries out mUltiple readings of particle 
size by means of laser diffraction. Once consistency is achieved the particles are 
categori sed into percentile measurements of diameter: d(O.I), d(0.5) and d(0 .9) hence 
determining particle size distribution. 
4.1.8 Capillary suction time 
Measurement of sludge filterability is undertaken by the "Capillary Suction Time" 
principle (Baskerville and Gale 1968) utilising a Triton-WRC CST Apparatus Type 165 
(Figure 4.2). Capillary suction pressure causes filtrate from the sludge to seep through 
the filter paper at a rate largely dependent on the filterability of the sludge and almost 
independent of the hydrostatic pressure of the height of the sludge in the funnel. Probes 
in contact with a filter paper cause the timer to start as the liquid front or interface 
reaches the first ring connected by two probes and to stop as the interface reaches the 
outer probe. The time interval recorded for the liquid to pass over the distance between 
the probes is related to the filterability of the sludge. 
Figure 4.2 Triton-WRC CST Apparatus Type 165 
4.1.9 E lement analysis 
Samples are transferred into conical flasks into which Aqua Regia is added (2.7ml HCI 
+ 1.3 ml HN03). The fl asks are then boiled upon a hot plate until only 5ml remain. 
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RO water is added and the solutions filtered using a No 1 filter paper. This sample is 
then made up to 50 ml for analysis in a Spectrophotometer. (Thermo Jarrell Ash 
Atomscan 16. Emission source is inductively coupled plasma (rCP» 
4.1.10 Ethanol determination 
Ethanol determination was undertaken using a Rochel Biopharm kit using the UV 
method. Ethanol is oxidised into acetaldehyde by nicotinamide-adenine dinacleotide 
(NAD) in the presence of the enzyme alcohol dehydogenase (ADH). This creates 
NADH which is determined by means of its light absorbance at 340nm. The equipment 
uses this measurement to assess ethanol levels. 
4.1.11 Microscopy 
Microscopy was undertaken using an Axioskop 40 lmaging microscope uti lising an 
AxioCam MRC5 mounted digital camera. 
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4.2 ANAEROBIC FILTER PILOT PLANT: UN ILEVER MARMITE 
YEAST EXTRACT PLANT 
The wastewater was fTom the yeast extract process at Uni lever Mamlite factory at 
Burton on Trent. Following previously undertaken laboratory tria ls, a pi lot plant was 
built to determine the feasibi li ty of anaerobic treatment. The pilot plant construction 
was based on laboratory scale results and an extensive period of testing undertaken (700 
days) in order to detennine the effectiveness of an upflow anaerobic filter (UAF) for the 
treatment of the waste. 
The plant was of an anaerobic filter design (Figure 4.3) with a volume of25 m3 
incorporating approx imately 15 1113 of plastic packing (ETA pack 160). ChalUlell ing and 
blockages are a common problem with filters . It was anticipated as being worse at this 
site because of inorganic material in the fOm1 of calcium and magnesium silicates, 
utilised in the yeast extraction process as a filter aid. As such the reactor was designed 
with no packing in the bottom 20% of the reactor and with the next 20% containing 
open 150mm plastic pack to aid distribution but sti ll a llowing so lids settlement in the 
region of the highest biomass and soli ds accumulation. Above this ex isted a zone of 
75mm pack with a corrugated surface to allow loose so lids retention. Construction 
material was mild steel with rock wool insulation and po li shed a luminium cladding 
giving environmental protection. Biogas was col lected in a 5m3 Glass re inforced plastic 
f10ati ng gasometer. 
Balanced and pH corrected factory effluent gravitated to a 0.8 m3 header tank from 
where it was pumped into the reactor using a variable speed mono pump (up to 
2.5 m31h). A steady recycle was maintained at a ratio of2 : I treated effluent: feed . 
The recycle was totally enclosed with its own effluent co llection weir and distribution 
system situated below the feed distributor. A large variab le speed mono pump (up to 
12.5 m31h) was used for recirculation (up to 6: 1 to allow for flushing the pack). A 
schematic is attached as figure 4.4. 
Influent waste feed temperature was significantly below the optimum 35-37 ·C for some 
of the year making a heating facility necessary. Heating was achieved by using two 
plate and tube heat exchanger circu its, one fo r heat recovery from the treated effluent, 
the other connected to a hot water tank used to raise the feed temperature to 35 -37 ·C. 
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This pilot plant reactor was constructed to treat on ly a small percentage of the yeast 
extract process wastewater experienced. Such a reactor was designed, based on the 
labo ratory trials, to run at a high rate of 10-12 kgCOD/m3.d wi th retention time 8-10 
hours and a COD removal efficiency of 70%. 
Figure 4.3. The 25m3 Pilot plant at yeast extract plan!. 
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Figure 4.4 
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4.3 CASE STUDY - MAU RI YEAST P RO DUCTION PLANT 
Although the waste streams have di fferences from those described for the yeast ex tract 
industry, the recalcitrance associated with the yeast cells remain. A study of a fully 
operational yeast production plant and its associated full scale Anaerobic Digestion 
fac ility was undertaken to determine the operating parameters (including loads and gas 
yields) and potential problems which may ex ist. The detai ls of the yeast production 
process are attached as appendix 3. 
4.3.1 Waste streams 
Two waste streams exist: 
• A high strength waste stream from the centri fuge process. COD 40,000 mgll, 
300 m3/day and TSS average 3000mgll. 
• Low strength washwater from general factory including CIP washwater. COD 
8,000mgll, 800 m3/day and TSS I, 700mgll. 
These streams are stored and balanced to gain a steadier anaerobic digester feed. On 
average the COD was 25,000 mgll, but a change in molasses quality reduced thi s to an 
average of 19,000 mgll giving a digester loading of 19 tonnes COD/day. 
This effluent stream passes through a heat exchanger where the temperature is rai sed to 
35 ·C before being fed into the two digesters. Each digester is Hybrid reactor of 
1,100m3 vo lume manufactured by Biotim. With flows of 1, I 00m3/day, thi s gives an 
HRT of2 days and an OLR of8.7 kgCOD/m3.d. 
Once the effluent has been treated within the Anaerobic Reactors, it passes via a 
degassing tower, to an aerobic process where the waste streams are further treated to 
remove excess COD. The process schematic is shown in figure 4.5 below. 
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4.4 Biodegradability trials: yeast extract plant wastewater 
Two methods of undertaking biogas production and organic matter conversion from 
selected samples were utili sed: Batch biodegradab ility tests utilising EGSB granules 
and the more traditional Biochemical Methane Production (BMP) tests. 
4.4.1 Batch biodegradability tests of wastewater. 
Batch biodegradability tests were undertaken using EGSB granules as an inoculant to 
detennine ultimate biodegradability of the batch samples. The batch biodegradability 
tests gives information about the maximum sCOD removal efficiency, calculated tCOD 
removal efficiency and the activity of the anaerobic biomass which is a measure for 
COD conversion rate and the specific methane production. By giving two feeds to the 
biomass it is possible to detem1ine if the biomass adapts to the particular wastewater. 
The experiments were executed in a batch fem1entor with a total volume of3 litres, kept 
at 36°C by means of a water bath. The contents of the fennentor were stirred gently to 
ensure good mixing of the wastewater and the biomass. To ensure optimal conditions 
for the bacteria, the pH was measured and adjusted within a pre-set range (6.8-7.2) 
using both acid and caustic dosing pumps. A schematic overview of the batch 
biodegradability test can be seen in figures 4.6 and 4.7. 
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Figure 4.6 Schematic reproduction of the anaerobic batch biodegradability test 
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Figure 4.7 Batch reactor Jor biodegradability tests 
The fermentor was fed with 2 litres of sample waste together with I litre of anaerobic 
biomass taken from an active EGSB reactor (reference biomass). When the feed 
strength was high, a dilution factor was applied to obtain an acceptable sludge load 0.5-
1.0 g tCOD /g SS(digcstcr granules) within the batch fermentor. The system was then closed 
gas ti ght. The biogas was passed across sodium hydroxide pellets to remove C02 and 
H2S. The methane gas was then led to a mariotte flask where the displaced vo lume is a 
measure for the volumes of methane gas. The amount of displaced water was 
continuously measured on a weighing scale attached to a computer. Samples were 
taken periodically to check sCOD and VFA conversion. 
When gas production from the first feed fini shed, the stirring was stopped allowing the 
granular biomass to settle. The supematant was decanted and replaced by a further 2 
litres of feed. The experiment was then repeated. At the end of the experiment the total 
amount ofbiomass was determined. 
4.4.1.2 Theoretical methane production 
For the purposes of analysing the potential for the wastewater to be treated by an EGS B 
reactor, the most common being manufactured by Biothane and Paques. A comparison 
ofbiomass activity is undertaken based on the methane production from a normalised 
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mass of organjc volatile solids of the seed granules into which the feed is placed. Such 
a calculation is based on the concept that : 
I kg COD converted ---> 0.35Nm3CH4 (Gas volume at STP ofO°C and 1 bar) 
At 20°C this equates to: 
I kg COD converted ---> 0.376 m3 C~ 
The COD of methane is the amount of oxygen needed to oxidise methane to carbon 
dioxide and water. 
From the above: 
COD per mole of methane is 2 x (32g 0 2/mole) = 64 g02/moleCH4 
The volume of methane per mole at standard conditions (OoC and I atmos.) is 22.414 
litres 
Therefore the CH4 equi valent of COD converted under anaerobic conditi ons is: 
4.4.1.3 
22.4 14 0.35 litres CH4/ gCOD 64 
Maximal biomass activity 
The maximum slope of the graph of gas production is a measure orthe maximum 
biomass activity and is measured as gram CH.-COD/gram Organic Total Solids of 
granules*day 
i.e. the mass of COD converted to CH. per day/ mass of EGSB granules utilised 
C 
.. (vo1CH4 on t2 - vol CH4 on t 1 )x24 H4 act! V! ty = -'-:c-:--:-_-:-_ _ -----::-=:::----'---;--
376 * (12 - 11) * xgramOTSgranules 
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4.5 BIOCHEMICAL METHANE PRODUCTION (BMP) 
Figure 4.8 Batch treatment oJ yeast cell biodegradability. 
A 20ml sample of treated feed was placed into a 500 ml conical flask into which 200 ml 
of active digestate had been previously expired (i.e. gas production was effectively 
zero) under anaerobic conditions (Figure 4.8). Once enclosed and free of air, the 
mixture was gently stirred lI sing a magnetic stirring mechanism. Biogas was taken from 
the top of the flask and measured through a low flow CES Flow Cell™ Both a control 
and a treated sample were tested to detemline the effect on gas production from 
ultrasonic pre-treatment. 
4.6 CSTR LABORATORY EXPERIMENTATION 
Yeast ex tract plant wastes, including wastewater and yeast cell wall debris, were tested 
within CSTR laboratory scale digesters. Several tests were carried out using differing 
feed sources, differing feed regimes and pre-treatrnents. 
The principles of testing are as follows : 
A 10 or 23 litre laboratory scale CSTR was used in a mesophilic room controlled at 36-
37 DC (Figure 4.9). The digester was initially established with an inoculant from a 
potato waste factory digester which was thought to be better adapted to the small 
molecular weight carbon than sewage sludge inoculants. Later experiments used the 
healthy biomass extracted from previous experiments and so could be assumed to be 
well assimi lated to the type of feedstock being treated. 
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The digester was stirred via a spindle stirring mechanism inserted into the digester 
through a long plastic sleeve (ensuring no ai r ingress or gas leakage). This was 
contro lled by a Heidolph RZR 2 102 stirrer. The stirring speed was maintai ned at 100 
rpm in both digesters throughout the experiment. 
Gas production was measured through a flow meter (Alexander Wright LFM 300 Low 
Flow meter initially but more often CES Flow Cells"') and its composition periodically 
measured with a Gas Chromatograph. The instrumentation was situated within the 
temperature contro lled environment. 
Feed ports in the digester cover enabled batch feeding to occur on a daily basis. In the 
early stages of digestion the feed was added tw ice daily in comparatively low organic 
loading rates <0.51 kgVS/m3.d to avoid shock but once the digester became estab li shed 
the feeding profile became daily. Before each feed , a similar vo lume was extracted 
from the vesse l by the topmost side tapping point. For the recirculation experiment, the 
digester stirring mechanism was stopped allowing settlement of the granules, the clearer 
supernatant was then removed. In the non recirculation experiments, the extraction took 
place whi lst tbe stirrer operation was maintained. 
Gastake-off ~ 
~I l ~ 
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Perfonnance was monitored by daily analysis of total solids (TS) and volati le solids 
(VS) removal in accordance with APHA (Stalldard method for the Examillation of 
Water and Wastewater 2005). The volati le acid to alkalinity ratio was also measured 
daily (Ripley et a11986) and COD of selected feed and effluent was obtained. During 
subsequent ultrasonic testing, sTOC of centri fuged supematant was measured using the 
Rosemount DC-190 Total Organic Carbon Analyser. (see analytical methods section 
4.1 ) 
There was significant vari abi lity in the characteristics of the yeast cell wal l debris as 
received from the factory, with vo latile so lids and COD varying dependent upon the 
operational production process. The feeding rates were increased in phases throughout 
the experiment but, owing to this variation in the strengths of feed , it was difficult to 
obtain steady organic loading rates. 
4.7 TWO STAGE ANAEROBIC DIG ESTION PROCESS UTILISING A 
CSTR AND AN VASB IN SERI ES 
Utilising a 10 litre laboratory scale CSTR previously described and a vertical column 
simulating an VASB reactor, a batch feeding process was initiated utilising a pre-mixed 
feed of yeast cell wall debris and wastewater. As in previous tests, the loading was 
gradually increased so as to ensure the digester becomes established and receptive to the 
feed mixture. Gas measurement using a Flo-Cell ™ was taken directly from the top of 
the digester (Figure 4.1 0). 
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Figure 4.10 Schematic of CSTR alld UASB reaClors in series. 
Prior to each feed , the same vo lume of digestate was removed from the CSTR to a 
vertical UASB reactor using a variab le speed peristaltic pump Watson Marlow 5055 
(Figures 4. J J & 4. J 2). This UASB reactor measured 800 mm high and was 135 mm 
diameter, with downward facing feed orifices from two crucifixes feed pipes. Sample 
points were situated at 23 litre, 35 litre and 40 litre points on the vessel. In order to 
ensure adequate circulation and mixing ofbiomass, the UASB experimental reactor 
contents were also ci rculated for a given period each day using a peristaltic pump 
connected between the in let feed and the mid extraction point. To detenmine the effect, 
circulation through this reactor was tested in both directions, upflow and down fl ow. 
Gas was separately measured from this UASB digester by means ofwater displacement 
from an inverted g lass cylinder in a tank of water. 
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Figure 4.11 Laboratory scale CSTR and UASB 
Once the UASB was fill ed through production flows, the treated supernatant was 
di splaced from the uppermost extraction point during the batch fill process in sympathy 
with the batch feeds to the CSTR vessel. Periodically, a small quantity o f biomass was 
also removed from the bottom of the vessel to maintain a constant volume ofbiomass 
sludge to effluent, thereby replicating a fu ll scale UASB/EGSB operation. 
Figure 4.12 LaboratolY scale VASB post treatment reactor 
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4.8 APPLICATION OF ULTRASONIC PRE-TREATMENT TO BATCH 
YEAST CELL WALL DEBRJS 
4.8.1 Batch treatment of yeast cell wall debris 
In order to determine the importance of the method of introducing the ultrasound, a 
Misonix Sonicator 3000 operating at a fi xed frequency of 20 kHz with a vari ety of 
Sonicator heads called sonotrodes, ranging from 12mm - 50mm (including a water 
cooled Sonicator cup holder) was used to test batch samples of yeast cell wall debri s 
(Figure 4.13). Beakers with 150ml of yeast cell wall debris were treated by immersion 
of the sonotrode to a depth of 10 mm above the beaker base and ultrasonics applied 
according to the power intensity and time period required (Figure 4.14). Upon 
conclusion, each sample, including a non treated reference, was centrifuged for 10 
minutes at 11 ,000 rpm . and the clear supematant removed, filtered and tested for 
so luble TOe. These results were then used to determine the success of treatment, 
optimum sonotrode size and possible treatment parameters prior to diges tion. 
Figure 4.13 Various sonotrode heads. Left to right 25111m, 12111m and 50mm (in a 
water cooled cup holde/) 
In order to determine the success of the ultrasonic treatment on the yeast cell wall 
debris, BMP tests were carried out. Both a control and a treated sample were tested and 
their relative gas productions after ultrasor.ic pre-treatment compared. 
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A 25mm sonotrode was finally utilised in individual samples for variable time periods 
and power intensities to determine the effects both with and without sample cooling. 
Figure 4.14 Sonotrode alld batch sample test. 
4.8.2 Ultrasonic application to feed prior to treatment in CSTR 
Utilising the knowledge gained from the small scale batch biodegradability tests 
undertaken on the yeast cell wall debris, two CSTR digesters were established for a 
continuous trial comparison. Each digester was batch fed on a daily basis with a 
vo lume of yeast cell wall debris. The test digester received a feed of ISO ml which had 
undergone pre-treatment in the fom1 of ultrasound at power settings ranging from 50 -
70W for periods ranging from 3-5 minutes (equivalent to a power intensity of 535 -
I 249kJ/kgTS) . The control digester was fed with untreated feed taken from the same 
batch. A feed vo lume of 150ml was fed into the digester following extraction of a 
simi lar vo lume of digest ate. Measurements ofTS, VS, and pH were taken of both feed 
and digestate together with Ripley's Ratio which was monitored to ensure digester 
stabi lity. 
4.8.3 Ultrasonic treatment of feed and digester contents 
Separate individual batch pre-treatment is impracticable in a full sca le setting, therefore 
the test digester was also run with a recirculation loop which included an ultrasonic 
flow cell. This flow cell is shown in Figure 4.15 and schematic Figure 4.16 and 
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incorporates a 25mm sonotrode situated such that the flow through the cell ensures that 
the liquid passes across the sonotrode head and through the ultrasonic treatment zone. 
Figure 4.15 Ultrasonic flow cell with 25mm sonotrode fitted 
in addition, a feed point was introduced into the ultrasonic flow cell inlet line which 
enables a batch feed to be treated through the ultrasonic process prior to its introduction 
into the digester. Flow through the ultrasonic flow cell was controlled by a peristaltic 
pump at a measured rate and the ultrasonic treatment applied at a known power setting 
and for a controlled time period (Figure 4.16). TS, VS, COD and particle size were 
measured on the feed and digestate at regular intervals, with Ripley' s Ratio and eST 
being monitored on the digestate. 
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Figure 4.16 Schematic of the test digester alld u/trasollicjlow cell. 
The first comparative experiments used recirculation only on the ultrasound test digester 
wi th the control fed with a simple batch feed. Latterly, a peristaltic pump was utilised 
on the control digester too, reci rculating the digester contents at the same pumping rate 
as the test digester but wi thout any treatment. This pump operated for the same time 
period as the test digester. This was to avoid any differences being due to the pumping 
process. In addition to the regular measurements of COD, VS, TS, pH and Ripley's 
Ratio, particle size analysis and CST were undertaken. 
4.8.4 Comparison of ultrasonic treatments 
4.8.4.1 Utilising power consumption 
Ultrasonic applications utilise power to drive the radiating surface of the sonotrode or 
horn, at specified amplitude of vibration and at the specified resonant frequency of the 
device. Intensity is the measure of the energy available per unit vo lume of sample and 
is directly related to amplitude. It is the intensity of cavitation that breaks cells not the 
total power appl ied to the system. However, it is important in comparison of treatments 
to understand the various units of measurement. Some measures used to compare the 
power appl ied through an ultrasonic probe are detailed below: 
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• Ultrasonic intensity relates to the power supplied per transducer area, 
unit (W/cm2). 
• Ultrasonic density relates to the power supplied per sanl ple vo lume, 
unit (W/I). 
• Ultrasonic dose relates to the energy supplied per sample volume unit 
(Ws/I). 
• Speci fi c Energy Supplied (Espcc). The di sintegration is dependant 
upon the specific energy supplied (Eder & Guenthert 2002, Gronroos 
et a/ 2005) . 
E = P x t KJ 
spec vxTS KgTS 
Where: P is the power of sonication, 
t is the sonication time, 
v is the treated sludge vo lume. 
TS is the sludge total so lids content. 
4.8.4.2 Utilising sludge disin tegration 
To assess the degree of sludge disintegration, the COD of sludge supematant is 
detemlined. The degree of disintegration DDcoD is calculated as the ratio between 
COD increase due to sonication and the total COD. 
DDcod = [SCOD.son - sCOD,tq ](x 100) 
ICOD 
where: sCOD.son, sCOD,tq are so luble COD (mgll) of the sonicated and untreated sample 
respectively. tCOD is COD of the reference sample after complete chemical 
solubilisation with HZS04 (8 raguglia et a/ 2007). 
4.9 Summary of testing. 
As an aid to understanding the sequence of experimentation and plant reviews, a 
summary of testi ng is identified in tab le 4. 1. References are made to the relevant 
section in both methods (Chapter 4) and results (Chapter 5). 
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Table 4.1 Summary of experimental programme 
Yeast Extract Wastewater (Objective 3.2 
Experiment Equipment Met hod Object of Analysis Resu lts 
utilised Section section 
Pilot plant trials. 25 m> Anaerobic 4.2 Performance analysis 5.2.2 
Filter Pilot Plant. including organic removal , 
HRT and Biogas yield. 
Bakers Yeast Case study 0 f two 4.3 Performance analysis 5.3 
Waste water. full scale I, I 00 m' including organic removal , 
Hybrid anaerobic I-un and Biogas yield. 
reactors. 
NutraSweet Full scale AF from Recalculated performance 5.4. I 
wastewaler. literature review analysis including organic 
removal, HRT and Biogas 
yield . 
Batch wastewater Two laboratory 4.6 Performance analysis 5.5 
treatment in CSTR scale 10 litre CSTR including organic removal, 
with Biomass anaerobic reactors, HRT and Biogas yield. 
retention. one a control and Demonstration of biomass 
the other a test growth and stability of the 
digester. process. 
Batch 3 litre single feed 4.4 Establish feasibility of 5.6 
biodegradability batch reactor. yeast extract wastewater for 
trials. treatment in EGSB 
anaerobic reactor. 
Yeast Cell Wall Debris (Obj ective 3.3) 
Simple anaerobic Single 20 litre 4.6 Experiment to determine 5.8.2 
digestion trial. CSTR laboratory the conversion of organic 
scale reactor. recalcitrant cells using a 
simple CSTR anaerobic 
digester. 
Batch 3 litre si ngle feed 4.4 Establish feasibility of 5.8.3 
biodegradability batch reactor. organic removal and gas 
trials. yield from anaerobic 
digestion using inoculum of 
EGSB granules. 
Treatment of mixed A 10 litre 4.7 Determine the performance 5.9 
wastes : yeast cell laboratory scale of the two digesters in 
wall debris and CSTR and a 40 litre series as a total treatment 
wastewater in UASB connected in process. 
similar proportions series. 
to that produced at 
the test site. 
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Table 4.1 cOl1lillued 
Ultraso nics (Objective 3.4) 
Experimcnt Equipmcnt Method Obj ect of Analysis Results 
utilised Scction section 
Sonotrode selection . Comparison of 4.8. 1 Detennination of the most 5. 10.1 
25mm sonotrode appropriate hardware 
against a 50mm including the selection of 
cup horn sonotrode sonotrode head. 
using a 20kHz 
Misonix Sonicator 
3000. 
Variable settings of Misonix Sonicator 4.8.1 Release of sCOD and sTOC 5.10.2 
power and time for 3000 uti lising a measured to detennine the 
treatment of batch 25mm sonotrode optimum time and power 
samples of yeast cell head. that should be used in 
wall debris. further experimentation. 
Ultrasonic batch pre- Misonix Sonicator 4 .8. 1 and Assessment of the 5.10.4 
treatment prior to 3000 utilising a 4.7 improvement in digester 
feeding into a CSTR 25mm sonotrode perfonnance of ultrasonic 
digester. head . Batch pre-treatment using batch 
samples pre-treated samples and compared with 
and fed into two a control. 
laboratory scale 
CSTR digesters. 
One a control and 
the other a test 
digester. 
Assessment of Misonix Sonicator 4.8.3 Detennining the 5.10.5 
Ultrasonic treatment 3000 utilising a effectiveness of an 
using a flo wcell. 25mm sonotrode ultrasonic fl owcell 
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CSTR digester. a flow cell . Review of organic removal, 
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top of the digester. and the other a 
control. 
79 
Chapter 5 
Results and Discussion 
The yeast ex tract food business, which is the main by-product route fo r major yeast 
producers, ex tracts the cytoplasm from the yeast cell leaving the cell wa lls ruptured but 
whole as a waste product. Removal of thi s extract is ex tremely di ffi cult because of the 
tremendous tensil e strength and elasti city of the ce ll wall (refer to section 2.4). A 
complex enzymic breakdown process known as au tolysis enables removal of the yeast 
ex tract with the addition of enzyme, sa lt and an anti foaming agent and then holding the 
yeast for various times and controlled temperature stages up to 90·C. The source o f 
yeast in thi s study is received fTom several different breweries from around the countTy 
varying in water content and ethanol levels. Due to a requirement for consistent 
fl avour, the strain of yeast is the same coming from the production of lager and beer. 
Microscopy confim1ed that the size of the yeast was also consistent. 
The cell wall is not actually ruptured by the process of ex traction; the Glucan and 
Mannan of the cell wall s remain intact. Ex tTaction takes place by a process of 
plasmosis utili sing centri fugal separators. The yeast cell wall debris then leaves the 
separators at a temperature 0[60 to70·C and is stored in preparation for disposal. 
Assessment of ex traction effici ency is not easy and performance is based on an accepted 
yield from a given mass of yeast intake. 
In order to "wash" the yeast cells and transport the ex tract further into the production 
process, excess water is ci rculated through the centrifuges and onto the evaporator. The 
action of thi s washi ng creates a wastewater that can carry with it some yeast and, in 
particular, significant levels of ethanol. The wash water is also utilised in the cleaning 
and CIP process which is carried out regularly and automatically throughout the 
extraction process. The process generates approximately 400m3 of wastewater each day 
it is in full operation. The separate yeast cell wa ll debris accounts for a further 35-
40,000 tonnes per year. 
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5.1 YEAST EXTRACT FACTORY WASTEWATER 
During the latter part of2005 and early 2006, the Unilever Marmite yeast ex tract plant 
underwent some major process modifications wi th the objective of both upgrading 
aging plant and seeking to improve the extraction process and hence improve 
performance. The upgrade had a dramatic effect on the waste streams altering their 
characteristics throughout the experimentation period. 
The wastewater varies throughout the day and season dependent upon the yeast extract 
production profi le but generall y the plant operates as a 24 hour per day process. 
Wastewater production characteri sti cs pre-plant upgrade are described in table 5. 1. 
Source Yeast Extract Process at Burton on Trent 
P roduction Period 24 hours/day 
7 days/week 
52 weeks/year 
Maximum Volume 1000 mJ /d 
Flow Rate Max. 63 mJ/hour 
Min. 12 m3/hour 
Average 41 m3/hour 
COD concentration Max. 9,000 mgll 
Min. 1000 mgll 
Average 5,500 mgll 
Average COD load 5,500 kglday 
BOO : COD ratio 0.5 
Average BOO Load 2,750 kglday 
Suspended Solids Concentration Max . 1,410 mgll 
Min. 160 mgll 
Average 400 mgll 
pH after cOITection tank 7 +/- 1.0 
Temperature of feed Max. 37 vC 
Min. 25 QC 
Average 32 QC 
Total Nitrogen 100 - 300 mgll 
Phosphorus (as Phosphate) 22 mgll 
Fat 100 - 400 mgll as equal split of animal 
and vegetable origin 
Sulphate 30 - 50 mgll 
Table 5.1 Characteristics olwastewater lor Yeast Extract p lant BurIDII on Trellt 
pre plant upgrade (source Ulli/evel) 
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Consent Levels : 
The consent levels set by the local water company are shown in table 5.2 
pH 6 - 10 
COD Concentration < 7,000 mgll 
Suspended Solids < 1000 mgll 
Table 5.2 Consent levels/or yeast extract plant Bw·ton on Trent (Unilever) 
Post upgrade created signi fi cant changes with higher levels of ethanol being captured in 
the washwater and sent to waste. This level of ethanol can be seen in table 5.3 which is 
deemed typical of the changes experienced. 
Table 5.3 Alcohol levels within the wastewater stream pre and post plant mods. 
a) Pre Upgrade 2004 b) Post Upgrade 2005 
Date Alcohol %w/v Date Alcohol %w/v 
10 June 0.2 5 December 0.9 
16 June 0.2 6 December 1.5 
18 June 0.3 7 December 0.2 
8 December 3 
9 December 2.2 
12 December 2.0 
The high levels of ethanol within the wastewater is refl ected in the COD time seri es 
illustrated in figure 5.1 which demonstrates a fluctuating profil e with levels exceeding 
30,000 mgll at periods of high production and much lower levels of 4,000 to 5,000 mgll 
during low factory output, washdowns etc. This has impacted on testing which has 
been undertaken across the transitional period and during the commissioning of the new 
plant. 
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A more detailed wastewater analysis was carri ed out on a sample taken in September 
2006. From the detailed wastewater analysis undertaken (table 5.4), it can be seen that 
more than 93 .5% of the COD is so luble COD. Furthermore the COD consists 
predominantly from ethanol which accounts for approx imately 99% of sCOD. 
Analysis of the VFA's demonstrated that very little existed within the wastewater which 
showed a level of370mg/l, less than 3% of the total COD. The anion and ammonium 
analyses show there are sufficient amounts of macro nutrients, ammonium and 
phosphate, present in the wastewater and it is unlikely that dosing would be required if 
full scale. 
The micronutrient analyses (element analyses) show a possible deficit in ferric (Fe3+) 
(2.4mg/l) and especiall y cobalt «0.004 mg/I). Experience from manufacturers has 
shown a minimum of 0.0 1 mg/I for cobalt and 5.75mg/1 for ferric are req uired. Both 
ferric and cobalt play an important rol e in the enzymatic reaction mechanisms of 
methanogenic anaerobic bacteria (refer to Literature review section 2.2.3). Additionally 
ferric also plays a role in the flocculation of granular sludge and increasing biomass 
density. From thi s analysis iron and cobalt dosing would be needed although probably 
not continuous ly, dependant upon the iron and cobal t accumulation in the sludge, to 
optimise biomass activity and biological growth within a high rate reactor such as a 
VAS B or EGSB. 
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Date of sampting 07/09/2006 
Date of testing 11 /09/2006 
pH 6.9 
Conductivity mS/cm 2.65 
COD -analyses 
tota l mg/l 13,900 
centr. 15000 rpm mg/I 13,000 
TKN -analyses 
total mg/I 85 
centr. 15000 rpm mg/l 
NH4-N mg/I 45 
Volati le Fatty Acids 
C2 acetic acid mg/I 370 
C3 proprionic acid mg/l 45 
IC4 Isobutyric acid mg/l 10 
C4 butyric acid mg/l 22 
IC5 isovaleric acid mg/l <5 
C5 valeric acid mg/l <5 
C6 Hexanoic acid mg/l <5 
Solids 
T8 (total solids) g/l 2.46 
OTS (organic total solids) %ofTS 22.2 
SS (suspended solids) g/l 0.31 
VSS (volatile suspended solids) % of SS 59.3 
Anions analyses 
sulfate (S04) mg/l 75 
phosphate (HP04) mg/I 30 
nitrate (N03) mg/I <5 
nitrite (N02) mg/l <5 
chloride (Cl) mg/l 620 
bromide (Br) mg/l <5 
Alcohol Analyses 
methanol mg/I <5 
ethanol mg/I 6380 
1-propanol mg/l <5 
2-propanol mg/I <5 
1-butanol mg/l <5 
phenol mg/l <5 
Element Analyses 
aluminium (AI) mg/I 0.22 
calcium (Ca) mg/l 64 
cobolt (Co) mg/l <0.004 
copper (Cu) mg/I 0.1 
Iron (Fe) mg/I 2.4 
manganese (Mn) mg/I 0.06 
magnesium (Mg) mg/l 17 
molybdenum (Mo) mg/l 0.Q1 
nickel (Ni) mg/l 0.Q1 
potassium (K) mg/l 27.4 
selenium (Se) mg/I <0.05 
sulphur (S) mg/I 35.3 
zinc (Zn) mg/I 0.19 
phosphorous -total (P) mg/I 21.4 
sodium (Na) mg/l 575 
Table 5.4 Detailed characteristics oJwastewater- post plant mods (source Biothane) 
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5.2 ANAEROBIC FILTER PILOT PLANT- YEAST EFFLUENT PLANT 
5.2.1 Laboratory trials 
An earli er study had been carri ed out for Unilever by Manchester University, to 
investigate four potential commerciall y ava ilable reactor designs which may be suitable 
fo r treating the effluent plant waste (Figure 5.2). This reviewed the following reactor 
types: 
• Anaerobic Filter (UAF) 
• Up flow Anaerobic Sludge Blanket (UASB) 
• Completely mixed reactor (CSTR) 
• Two stage process with separate stage for methanogenesis . 
.. 
" 
.. 
" 
" 
Figure 5.2 LaboralOlY trials oJ difJerent reactors. (Smith et al 1986) 
The best steady state perfo rmance was fo und to be from the anaerobic filter (Figure 5.2) 
which achieved 72.85% COD removal at an applied load of 8.96 kg COO/m3.d with ID 
hours retention time. Methane yield was 0.24 m3/kgCOOmwd. The nex t best 
perfonnance was from the UASB which averaged 61.92% COD removal but at 
2 .67 kgCOO/m3.d. 
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[t was well known that UAF reactors block up and channel due to solids accumulation 
(Lettinga 1985), but thi s was not experienced within the laboratory experimental phase. 
Fo llowing the laboratory testing, a 25m3 pilot plant was built (see methods section 4.2) 
and the following results and observations were made. 
5.2.2 Performance trials of a pilot plant at a yeast extract plant 
5.2.2.1 Suspended solids removal 
The wastewater feed had an average suspended solids load of 400 mg/I, however peaks 
of up to 1,41 0 mg/I were experienced. The peak SS in the effluent from the reactor was 
350 mg/I, well within the consent limit, but thi s was only achieved by a weekly 
des ludging operation from within the reactor. 
5.2.2.2 Effects of reducing HRT 
Figure 5.3 demonstrates the experiments which sought to determine the minimum HRT 
thereby demonstrating the effects thi s may have on COD removal effici ency. Initially 
the digester commenced with a HRT of20-35 hours and once the process became more 
establ ished, then the HRT was gradually reduced to levels down to just below 8 hours. 
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The COD removal effi ciency, although seeing high variations in feed concentrations, 
does show a general decli ne as the HRT is reduced. With such vari able flows, the HRT 
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becomes inconsistent (Figure 5.5) and in order to create a measure for performance, the 
results for COD removal have been collated into HRT hour bands (Figure 5.4). This 
enables the COD removal performance to be shown more clearly when the COD 
removed is averaged into HRT hour bands. The average removal efficiency of 80.6% 
shows some consistency over the HRT range. 
The average COD removal efficiency is shown for several HRT bandwidths. Upon 
each of these is high lighted the spread of results occurring (which would be expected in 
such a large pilot scale plant and with fluctuations in waste characteristics). These are 
exacerbated as the HRT is reduced below 15 hours signifying that a mass transfer limit 
linked to HRT was being reached. The trend can be seen in that the COD removal 
peaks towards 88% over the mid range of 16 to 40 hours HRT and drops orf as the HRT 
is further reduced. 
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This demonstrates that COD removal does reduce as the HRT drops below 10 hours. 
The high error bands are derived from the effects of sudden high COD loads hitting the 
digester particularly during periods of low HRTs. The digester is clearly capable of 
managing variab le COD loads as can be seen from figure 5.6. Removal efficiency can 
be seen to hold steady for the high concentrations of2,500 - 7,000 mgl\. An 
interpretation is that the efficiency may be increas ing with the increased load ing, 
possibly as a result of better gas mixing. 
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Figure 5.6 COD removed vs. COD loading 
When the loading profile of the pilot reactor is examined by using average COD 
removal efficiency over COD load bandwidths (Figure 5.6), it is apparent that the 
digester copes well with the increasing load ranges although the error bands do show a 
wide variability during operation. There should be a maximum organic stTength of 
wastewater that the bacterial population would be ab le to support without the 
percentage removal efficiency falling, but this point was not reached during the first 
phase of the trials. With ranges of COD strengths tested up to 7000mgll, the 
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perfon11ance of the anaerobic fi lter plant appears independent of COD strength but HRT 
dependent. Overall an average COD removal effi ciency of 80.6% was achieved whjch 
was higher than that experienced in the laboratory tri als (figure 5.2) and exceeds that 
experi enced by Van Der Merwe and Britz ( 1993) and Kalyunzhnyl et al (2003) for 
anaerobic fi lter and UASB plants respectively. 
Obviously there is a max imum mass of COD level that the bacteri al population would 
not be able to support without percentage removal effi ciency falling, but thi s point was 
not reached duri ng the tri als. This data therefore indicates that, within the wastewater 
effl uent COD levels tri alled during the fi rst phase, an anaerobic fi lter perfon11s we ll. 
5.2.2.3 Gas yields 
When the HR T and Gas Yield are compared for the tria l time period, it does appear that 
the biogas yield and methane yield are independent of the HRT up until a period o f II 
hours or less, where the values do appear to di verge slightly. The in ference was that a 
mass transfer limit had been reached linked to HRT. 
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Figure 5.7 HRTand gas yields 
When viewing the specific biogas and methane yields compared to HRT, the average 
specific methane yield is seen to rise as the HRT is reduced. However the scatter of 
resul ts in figure 5.7 makes it diffic ul t to see a rea l trend , whereas by again groupi ng the 
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HRT into hour bands (Figure 5.8) the gas yields can be seen to be higher with a high 
HRT. Again very large error bands exist which are created by anomalies in COD 
removal efficiency derived from some relatively extreme values of COD for the feed. 
The result is somewhat surpri sing as it would be expected that biogas yie ld and methane 
yield would remai n relatively steady irrespecti ve of the HRT. Since the wastewater 
effluent contains a variety of organic sources including ethanol, it is assumed that the 
gas yield for each of these components may be slightly different and therefore rates of 
methanogenesis would also be different. Changes in apparent gas yields could then 
occur, dependent upon the HRT and the potential COD removal efficiency. In 
particular, ethanol will be entirely soluble and as such it is anticipated that 
methanogenesis will occur very rapidly. This may be linked to the mix of soluble and 
particulate organics wi thin the substrate as the yeast cell wall debris is sure to be carried 
over and this will require a much longer period of hydrolysis. 
The periods of high HRTs are derived from periods during start-up and particularl y low 
flow rates into the digester. Low flow periods are associated wi th plant operations 
where the main process plant is shut down. Hence not only low flows occur, but 
generall y the wastewater sent to the effluent plant is very low strength. Although this 
wastewater may have some yeast waste present, it is unlikely that the highly soluble 
ethanol will be present. Ethanol has a very high COD with I % ethanol having a COD 
of20,000 mg/1. Such a highl y soluble COD is good for gas production. Furthermore, 
much of the gas produced wi ll be created from the previous days feed given the HRT 
which gives a better apparent gas yield with low feed and effluent flows. 
Given the volatility of the ethano l, it is still possible that some of the COD is not 
measured by the test procedure. This could explain the high apparent gas yields. 
90 
'00 ,---------------------------------------------------, 
,~ ~--------------------------------------------------~ 
f '''J-H- --------,------j I ''''t---t-+- --t-----f----t-----l 
f 
a '~r_+~------------_r+-------~_r--~~ 
1 
." " ... 11_15 
'" HRT Bool\do (1\oI.on) 
Figure 5.8 HR T alld Specific Gas Yields 
5.2.3 Pilot reactor performance investigations. 
Afte r a short break during the winter period, testing was recommenced with steady state 
condition established at a HRT of I I hours. COD averaged 5,490 mg/I with max imum 
of 9,960 and minimum 1,880 mg/1. The performance of the digester remained relatively 
steady during the first 100 days wi th an average of76% COD removal effi ciency 
consistent with the testing pre-winter. However, as time progressed, the perfo rmance of 
the reactor dropped sign i fican tl y down as low as 21 % COD removal with an average 
42. 1 % for the last 50 days of the trial. This can be seen in fi gure 5.9. 
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This deterioration in perfornlance does indicate some problems within the reactor. 
Lithium chloride tracer was injected into the header tank and the feed continued to be 
fed into the reactor at a rate of I m3/h with no recycle. Samples were co llected at 
regular intervals until over 50% of the lithium had been recovered. These lithium 
concentrations were measured on a name photometer. Tests were carried out during 
comm issioning of the reactor, after steady state rUlming and following perfonnance 
problems. 
The results show that at the beginning of the operation, the reactor exhibits a plug now 
characteristic. However as time progresses, this characteristic changes indicating now 
problems within the reactor (Figure 5.1 0). Such behaviour was investigated by a 
shutdown during which the internals were stripped and examined. 
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Figure 5.10 Residellce time distribution of pilot plant 
General observations indicated that the internal condition of the reactor was in good 
condition. However, the galvan ised expanded metal sheet used to retain the media was 
in a very poor state. In the area of the inspection hatch, the sheet had completely 
collapsed and fragmen ted. Heavy iron incrustation was apparent on the media 
immediately beneath the sheet. The internal structure was coated with a thick coat of 
black biomass as was the media. Ln the upper section a number of the smaller support 
media were completely choked with so lids. Some of the material was stained brown 
with iron from the breakdown of the expanded metal retaining grid. In the lower access 
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position, media was agai n seen to be choked with accumulated solids. The material 
appeared to be more "gelatinous" than that at the top of the reactor. The results can be 
seen in the photographs below (Figures 5.1 1 and 5.12). 
Figure 5. J J Media Fom lower 
manhole 
Figure 5. J 2 Media/ram upper manhole 
Analysis of this sludge provided the following results shown in table 5.5: 
Lower Access Manhole Upper Access Manhole 
% Wet Weight % of dry solids % Wet Weight % of dry so lids 
Moisture Content 94. 1 - 82.65 -
Dry Solids 5.59 - 17.35 -
Organic Matter - 30.48 - 57.5 
Inorganic Matter - 69.52 - 42.5 
Organic Nitrogen - 4. 1 - 4.5 
Fat - <0.1 - <0.1 
Table 5.5 AnalysIs a/sludge !aken/ram pilot plan! reactor. 
All of the data indicates that the problems in performance, towards the end of the 
project, were due to a blockage of the fi lter. This blockage was caused by an 
accumulation of inorganic material. The inorganic material present in the biofilm was 
more than double than that normally found. Most of the inorganic material was sharp 
edged and crystal line in appearance. The results from inspection indicated that the 
precipitation occurred from the bottom and then migrated upwards. 
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The high levels of inorganic materi al are assumed to be the result of a filter aid material 
which has passed through into the wastewater. This was used to assist removal of hops 
and other debris from the yeast extract. These so lids have a high settleability and are 
li kely to have created inorganic complexes on the internal media, parti cularly within the 
lower sections of the reactor. 
Although much of the biomass was "gelatinous" in nature and could be removed 
relati vely easily, it is suggested that the accumulation of solids could have been 
removed by a hydraulic flush of high velocity which would enable the management of 
the excess biomass production to occur. In terms of this study, the progress with 
digester selection was halted after these fo uling problems were confinned to be 
associated with the pilot plant and yeast extract process. 
5.3 CASE STUDY- BAKERS YEAST PRODUCTION PLANT 
A study of a full y operational bakers' yeast production plant utili sing anaerobic 
digestion to treat the process wastewater has been considered. All data reported here 
has been derived from operational analysis perfonned by the local staff at the factory. 
5.3.1 Waste streams 
Two waste streams exist: 
I . A high strength waste stream from the centr ifuge process. COD 40,000 mgll, 
300 m3/day and TSS average 3000mgll 
2. Low strength washwater from general factory including ClF washwater. COD 
8,000mgll, 800 m3/day and TSS I, 700mgll. 
These streams are stored and balanced to gain a steadier anaerobic digester feed. 
Initia ll y the COD was 27,745 mgll, but with a change in molasses quality, thi s reduced 
to an average of 19,096 mgll giving a digester loading of 19 tonneCOD/day. 
This effluent stream passes through a heat exchanger where the temperature is raised to 
35 QC before being fed into the two digesters. Each digester is a Hybrid reactor of 
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I, 100m3 vo lume manufactured by Biotim. Wi th flows of I, I 00m3/day, this gives an 
HRT of2 days and an OLR of 8.7 kgCOD/m3 d. 
Once the effl uent has been treated wi th in the anaerobic reactors, it passes via a 
degassing tower to an aerobic process where the waste streams are further treated to 
remove more COD. The process description and schematic can be seen within section 
4.3, fi gure 4.5. 
5.3.2 COD removal efficiency 
Organic load from the wastewater has declined since the autumn of2001 with the 
adoption ofdifferent sources of molasses. The 2005 level of molasses was 55% pure 
compared to 48% in 2000. This has created a more efficient yeast production process 
with lower concentrations of organics within the wastewater. This decline in the 
organic load during the autumn of200 1 can be seen in fi gure 5.13 . However, strangely, 
despite thi s reduction in organic load, the efficiency of removal also declined. Over the 
fo llowing period, the COD removal drops significantly frol11 55% at a load of 3 1.34 
tonneCOD/d (14.25 kgCOD/m3.d) to 36% for loads of20 tonneCOD/d 
(9. 1 kgCOD/m3.d). 
With a 20-30% reduction in COD load combined with a steady flow rate, one would 
assume that removal efficiency wo uld at least remain steady ifnot increase. Unless the 
characteristi cs of the wastewater have changed considerably (and there is no evidence of 
this), then the mixing and distribution of waste within the reactors may well be the 
goveming factor linked to performance reduction associated with the lower removal 
efficiency and gas generation. This hypothesis wi ll be further explored in the gas yield 
section 5.3 .4. 
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Figure 5.13 COD removal. Bakers' yeast plant 
This reduction in performance is even more obvious when the removal effici ency is 
considered against the inlet feed concentration. The COD reduces s teadily over time 
and this is matched by an equal steady reduction in perfonnance (F igure 5.14). 
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Figure 5.14 Digester loadil/g and removal efficiency. Bakers yeast plant 
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5.3.3 Total suspended solids. 
The level ofTSS within the feed wastewater remained fairly constant throughout the 
monitored period, as has the poor level of removal of solids (Figure 5.15). The 
suspended so lids in the feed averaged 2,254 mgll. Data on the digester effluent indicates 
that very little so lids removal occurs during the digestion process with an average 
reduction of only 7.3%. Microscopic analysis of the feed and effluent indicates that the 
so lids carryover is predominantly yeast which has a tough cellular membrane resi sting 
rapid hydro lysis. Analysis of inorganic content within both feed and effluent would 
enable a picture to be developed with respect to accumulation of so lids within the 
digester and hence impeding mixing and satisfactory residence time within the filter 
media. This is an established problem with anaerobic filters as has been demonstrated 
in section 5.2.3. 
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Figure 5. J 5 TSS removal, Bakers' yeast plant. 
Problems have been reported to exist within the facility, by the local site staff, 
associated with solids accumulation within the aeration basins and blockages in the 
distribution pipework within the reactors. 
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5.3.4 Gas yield 
Biogas vo lumes were measured automatically each day and the biogas yield is 
displayed against the organic strength of feed in fi gure 5. 16. The rise in gas yield 
towards the end of Ule tabled results is surp rising when the worsening efficiency is 
considered. 
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Figure 5. J 6 Gas yield against inlet jeed strellgth, Bakers Yeast plallt 
The methane content was not routinely analysed, however, the readings that have been 
taken show methane content relatively constant at an average of63 .8% (+3.3%, -2.2%). 
The digester operates at 35°C and the gas production measurement is ass umed to be at 
the same temperature. If ambient pressure is assumed constant at I bar, the gas 
temperature 35°C and the methane content 63 .8% then the gas yield can be seen to ri se 
from an average of 0.33 m3C1-IJ\<gCODrem for the first 4 years rising to an average of 
0.43 m3 cI-I4/kgCODrem for the final year of tabled results. This is shown in figure 5. 17. 
Such a ri se beyond the ilieoretical 0.35 Nm3 CI-I4/kgCOD,em (0.395 m3 cH4/kgCODrem at 35 
0c) could indicate a potential problem with gas measurement or sudden metabolism of 
the retained organic solids. Daily organic levels were manually sampled and were 
considered consistent. The reactor temperature was controlled at a steady temperature 
of35 QC, therefore leading to the conclusion that an inline gas measurement device is 
the 1110st likely source of errors. 
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5.4 WASTEWATER DISCUSSION 
The two products of waste from the yeast extract industry are wastewater and yeast cell 
wall debris. There is little referenced experi ence with the utili sation of AD as a means 
of treatment fo r these wastes, but those that have reported results are based on treating 
wastewater only. Van Der Merwe & Bitz (1993) and Kalyuzhnyl et al (2003) both 
report on bakers' yeast wastewater and Yoda et al (199 1) reports on brewery yeast 
ex tract wastewater. 
A tab le of performance based on the laboratory and pilot plant trials from this study at 
Marmi te yeast extract plant and the bakers yeast production plant, are compared to 
those experi ences of Van der Merwe & Bri tz ( 1993), Kalyuzhnyl et al (2003) and Yoda 
et al ( 199 1) is presented as table 5.6. All of the examples are re levant to wastewater 
although some degree of solids carryover will be present. 
Overall an average COD removal efficiency of 80.6% is achieved fo r the yeast extract 
plant wastewater treatment, which was higher than that experienced in the laboratory 
tri als (Figure 5.2) and exceeds that experienced by Van Der Merwe and Bri tz and 
Kalyuzhnyl et al for anaerob ic filter and UASB plants respectively. Asahi 's Breweri es 
in Japan (literature review sect ion 2.5.2), using an Expanded Micro Carrier Bed (MCB), 
achieved 98% removal efficiency from 29,000 mg/I wastewater in the pilot plant and 
93.5% in the fu ll scale plant (Table 2.7). 
99 
It is interesting to see that the TS removal was low within the full scale plant reported 
by Yoda, being 53.4%, which may reflect in the perfonnance figu.res being 
representative of soluble COD only. This finding is replicated in the Marmite Yeast 
extract pilot plant and at the bakers yeast production plant (Table 5.6), in which the 
reactor required weekly des ludging operations to remove the sediments produced by 
accumulating biomass or undigested so lids rrom within the digester body. 
Analysis rrom the yeast ex tract pilot plant (table 5.5) showed 70% of the accumulated 
materi al taken at the lower filter position to be inorganic materials which probably 
reflects the inorganic "fi lter aid" utilised within the factory as an extract cleaning 
process. At the upper filter position, the organic level was much higher at 57.5%. 
When this is considered along with the diffi culti es in removing suspended solids from 
the bakers yeast production plant and the Asahi plant, it may be perceived that solids 
retention including yeast cell wall carryover, which fonns a large part of the mannite 
suspended solids load, is not digested and either passes through the process or in the 
case of a filter plant becomes entrapped in the media blanket and eventually affects 
overall perfomlance. 
Investigations at the full scale bakery yeast production plant fu.rther highlighted the 
difficulties of dealing with yeast wastewater containing solids utilising an Anaerobic 
Filter plant. The analysis showed a high feed TSS of 1500-3000mgll with virtually no 
removal from the process. This is compounded by apparent media break up (bits of 
plastic support media were found in the effluent seen in figure 5.18) and a very poor 
efficiency with COD removal dropping from 55% down to 35%. A sample taken rrom 
the reactor base contained substantial levels of plastic media. It can be seen rrom figure 
5.18 that much of the solids are made up from media material which has obviously 
broken and dropped into the base of the reactor. 
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Figure 5.18 Plastic support media foulld ill efJIuent of bakers yeast productioll plant. 
Plant Type COD Loading HRT TS COD CR , Gas Yield 
Str engt h Rate removal Remova l Content 
(mg/I) Days % I11J/kgCOD rem 
kgCOD/m'.d % % 
Van Ocr AF 1.8 3 28 74 61 0.028 
Merwe & 6.1 44 56 57 0.33 1 
Britz 8.6 39 67 59 0.207 
(1993) 10.0 47 43 39 0. 114 
Kalyuzhnyl UASB 5 3 64 
el 01 (2005) 7 60 
10 62 
16 52 
Yoda elal Yeast Mcb 42,000 15 94-98 
(199 1) Extract (Lab tot 
scale) 38,900501 
MCB 11 ,300· 13 97 .6 - 75.2 - 0.33 
(pBot) 29600 98.6 80.8 
MCB 11 ,300- 9.8 53.4 93.5 78.6 3.8 Nm' /m' /d 
(Full 29600 0 .326 (NCH,) 
Scale) 
Manchester Yeast UAF 8.96 72.85 0 .24 
Lab Trials Extract 
Section 
5.2.1 
Marmite Yeast UAF 2,500 - 10 - 12 11 25 • 80.6 79 0.35 (at 
Section Extract (P ilot) 7,000 hrs (With ambient) 
5.2.2 weekly 0 .34 (assume 
desludging) 8°C ambient 
ay) 
Mauri Bakers Hybrid 19,000 9 2 6 60 63 .8 0.33 rising to 
Section 5.3 Yeast AF Dropping 0.43 (suspect) 
to 46 
Table 5.6 ... SummOlY of AD results utiliSing yeast wastewaters 
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S.4.1 Case Study: Nutr aSweet Co 
Additional evidence of the problems with solids comes from another case study. 
NutraSweet Co. (patrick el a12007) commissioned a hybrid anaerobic filter plant 
reactor in Augusta, Georgia in 1983 to treat wastewater from thei r aspartame production 
plant. This treatment was based on 2 x 1930 m3 concrete AF reactors with similar ratios 
of media (60%) to that uti lised in the Marmite P ilot plant. COD loading ranged from 
2.1 - 4. 1 kgCOD/m3 d with flows reduci ng from an initial level of 1300 m3/d to an 
average of680 m3/d. The summary ofperfomlance is seen in table 5.7 below. 
1" Year 2"0 81" lOin 191" Year 191" Year 
Parameter Year Year Year (before (after 
rehabi litation) rehabi I itation) 
Flow (mJ'd) 
COD loading 
(kgCOD/m3 d) 
COD 
Removal (%) 
Table 5.7 
1200 1300 1100 870 680 590 
3.2 2.1 2.9 4.1 2.2 2.0 
50 85 78 70 70 93 
SU/II/IIOIy of NulraSweel Co anaerobic filler reaclor Performance 
(Patrick et al 2007) 
COD removal after an interesting 300 day start up to fu ll load (reported as being caused 
by seeding the digester with sludge from a municipal waste reactor) reached 85% with 
BOO removal achieving greater than 90% removal. However, after 19 years of 
operation, the reactor's perfonnance began to decline with COD removal dropping to 
levels below 70%. This even with reduced organic loading (Figure 5.19). 
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Figure 5.19 COD removal pelformance at NutraSweet Co (Patrick el Cll 2007) 
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A lithium tracer study indicated that the HRT had reduced to 0.8 days rrom the design 
of 4.4 days and a 10 year operational point of 3.6 days. It was concluded that the 
reactors were short circuiting and that plugged media or channelling within the reactor 
was the possible cause. 
A full rehabilitation was undertaken and removal of the membrane packs indicated that 
they were almost completely blocked as shown in Figure 5.20. New media was 
installed and the reactor brought back into full operation. With an average flow of 
590m3/d and an organic load of2.0 kgCOD/m3 d, the system was able to meet a 
performance of93% COD removal. 
Figure 5.20 Blockedfilter packs NutraSweet Co (Patrick et al 2007) 
The perfonnance discussion does identify the great potential for the use of hybrid AF 
reactors with loading rates up to 16 kgCOD/m3.d. and COD removal rates up to 93%. 
However, the evidence reported suggests blockage of anaerobic fi lter reactors will 
occur. No really effective control strategy has been reported. Therefore the conclusion 
is that wastewater with recalcitrant solids such as yeast cells may give rise to problems 
and alternative routes for successful digestion need to be sought. 
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S.S BATCH TREATMENT OF YEAST EXTRACT PLANT W ASTEW ATER 
UTILISING A CSTR. 
Wastewater taken from the general effluent stTeam at the yeast ex tract plant, post 
modifications, during 2006 was again investigated to determine its biodegradabil ity 
within an anaerobic digester system. Two laboratory scale CSTR digesters were 
operated with acc limati sed UASB granules as the active biomass. One digester was run 
wi th settled or retained biomass to simulate the EGSB granular retention, and for the 
other there was no attempt to retain the biomass allowing washout and dilution. The 
tests were devised to investigate what happened to the granules, whether they grew and 
how important thi s was to the process. Any particulate would then be entrained within 
the biomass thereby allowing any yeast cell wall debris to be retained and degraded 
albeit at a slower rate. 
Three large batch samples were taken from the yeast extract process to create some 
stability in performance and to maintain some form of steady state through testing. 
Every effo rt was made to take samples from the e ffluent stream when operational 
parameters were similar but unfortunately some variability in strength of feed did occur 
and thi s was unavoidable. 
S.5.1 Suspended and total solids 
Feed allocation to each digester was the san1e and from the same batch (750 ml initi all y 
rising to I li tre per day). At each feed point, a sample was also taken fo r analysis ofTS, 
VS and pH . The mixing in digester I was maintained throughout the batch feeding 
thereby giving a good representati ve sample of the digester contents. Removal was 
undertaken fi rst followed by the same volume of feed. Digester 2 's (biomass retention) 
stirring mechanism was halted and contents allowed to settle fo r a period of no greater 
than 20 minutes, leaving clear supematant in the uppem10st portion of the digester. 
Extraction of the required vo lume of san1ple was taken from the uppermost ex traction 
port on the digester. This max imised the retention of active biomass remaining w ithin 
the digester. Solids retention from the two methods of operation are shown in figures 
5.2 1 and 5.22. 
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Figure 5.21 Suspended solids across digesters - yeast extract plant waste water ill a 
CSTR 
It can be observed that after a period of some 670 hours, the solids in digester 2 
(biomass retention) begin to ri se. This is due to the growth of the soft biomass floes 
which have risen to a level above the ex traction point. Such a growth would be 
anticipated and removal of some biomass would be expected in a practical situation. 
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5.5.2 Gas generation 
Feed levels were increased during the experiment to raise the OLR from 
0.12 kgVS/m3·.d up to 0.29 kgVS/m3·.d. These levels are quite low when compared to 
high rate reactors such as a UASB or EGSB, where rates of30 kgCOD/m3.d. have been 
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reported. The main obj ecti ve of thi s experimentation was to measure biomass growth 
and retention with simple laboratory scale CSTRs sufficient to monitor a so lids mass 
balance. 
Gas production began almost immediately within each digester, but with the retention of 
biomass, the gas production from digester 2 far exceeded that demonstrated for the 
continuously stirred digester I. Over the period of the testing, Digester 2, with retained 
biomass, consistently outperformed Digester I by a factor of 1.94 as seen in figure 5.23 
below. 
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5.5.3 Reactor stability 
1200 
Interestingly, although the OLR appl ied to each digester was quite low 
«O.27kgYS/m] d), the dilution of the cont inuously mixed digester and subsequent 
washout ofbiomass caused thi s reactor to ultimately fail. Digester 2, with biomass 
retention, maintained a healthy pH and Ripley's Ratio as observed in figure 5.24. The 
acidity: alkalinity ratio is the most common measure. A healthy anaerobic digester 
treating sewage sludge should operate at ac idity: alkalinity ratio below 0.3; well 
monitored industri al digesters should operate at ratios below 0.5. An increase in this 
ratio indicates an accumulation of acids, requiring alkali addition or necessitating a 
decrease in the loading of the digester. 
Failure occurred with an HRTof 10 days. Even though biomass in Digester I (diluted) 
is washed out, it would be anticipated that methanogenic doubling time would be less 
than the 10 days thereby ensuring that the growth of the bacteria matched the relati ve ly 
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low vo lume feed rates. Such an operation of settlement and removal o f supematant 
mimics batch loading of an UASB reactor with the biomass retained. With such a 
so luble waste, it would be anticipated that HRT's could be much less than 4 days 
(Kalyuzlmyl et a12005) 
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From these results it is clear that there are still some unsolved problems associated with 
methanogenic growth which become evident through the mixed digester failing. 
Further experimentation with additional measures of growth rate ofmethanogenic 
bacteri a would be useful to explore along with the potential need fo r micronutrients. 
Digester 2, with retention of so lids, does maintain a steady state operation albeit with a 
long retention time of 10 days. This does lead towards the conclusion that an UASB 
type of reactor with selective solids retention is the way forward . More research on the 
relative importance of the so luble, easy to assimilate substrate, compared to the volume 
of addi tional nutrient is needed. 
5.6 BATCH BIODEGRADABILITY TRIALS UTILISING EGSB GRANULES 
The gas production and so luble COD removal efficiency of the two feeds of yeast 
ex tract wastewater was examined utili sing the batch biodegradability test described in 
section 4.4 earlier. From Figure 5.25 and table 5.8, it can be seen that for the first feed, 
the biogas production started almost immedi ately with no significant lag phase. The 
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biogas reached its maximum slope within 12 hours of operation and after 24 hours the 
maximum COD removal was reached. These are obvious signs of excellent anaerobic 
biodegradability of the wastewater stTeam. 
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Figure 5.25 Batch biodegradability tests: Extract plant wastewater gas production. 
The maximum methanogenic activity reached I. 71 gC~-COD/gOTS.day which is 
considered good by manufacturers Biothane who see normal biomass activity is 
between 0.5 and 0.8 gCH4-COD/gOTS.day for an EGSB type reactor (personal 
communication with manufacturer). 
The second feed with the same wastewater sample produced an even faster gas 
production than during the first feed, reaching a maximum degradation within 20 hours 
of operation. This is confimled by the calculated methanogenic activity which reached 
2.32 gCH4-COD/gOTS.day. This increase in activity between two consecutive feeds 
demonstrates that the biomass inoculants utilised in the experimental reactor exhibited 
adaptation to the wastewater a single feed. 
5.6.1 sCOD and tCOD remova l efficiency 
When looking at the sCOD degradation, it can be seen that for both the first and second 
feeds (table 5.8), the sCOD removal efficiency is very high. For the first feed this was 
detemlined to be 98% and for the second feed 98.6%. Because of the batch wise 
108 
I""'" 
I~~o~;" 
I~" 
, 
operat ion of this test, it is not possible to give precise tCOD removal efficiency. 
However, in order to give an estimate of the total COD removal effic iency, a simple 
formula was developed for this particular wastewater stream. 
As mentioned earlier in section 5.1 and shown in table 5.4, the COD of the wastewater 
consists of over 93.5% sCOD of which ethanol accounts for approximately 99%. 
During the test it was found that over 98% of the sCOD was removed, so the minimal 
tCOD removal , ifnone of the available SS-COD is removed would be: 
sCOD (total) x sCOD(removal) = tCOD removal as a minimum 
I.e.: 0.935 x 0.98 = 0.92 i.e. 92% tCOD removal efficiency as a minimum. 
In the case of an EGSB reactor with very low HRT of <24hours, this is a likely to define 
the performance. Solids from yeast cells or other organic matter will either be retained 
within the active biomass or as stated by the manufacturers, will be washed though the 
process due to its relative density and the high gas velocities created within the reactor. 
11 , , •• ,. no" .",'" " ... , , 
:lEl~ IOate I 07J09120061 , 
IC' & Mg : ::: ::: :~ , m';'d "'~ IBIe,'" 0 
, , ~ 
, 
~ ~ = , ~ 
IIoll. 
I!o~a~ :wspended solids 'MO. Feed I 1.71 gCH.·CODIg OTS.day ~:=; 0.285 m3l1<gCOD rmvd I ~O~~:~iIe SOlids 3.7:f,O'lI Feed 2 2.32 gCH,,·CODJg OTS.day 0.353 m3J1<gCOD rmvd 
Table 5.8 Ba/ch biodegradabilily /es/ of yeas/ ex/rac/ was/ewa/er. 
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With a high conversion rate of the solubles as demonstrated within section 5.6.1 and 
with the EGSB principle ofbiomass retention and growth demonstrated in this set of 
experiments, a full scale plant is being constructed to treat the wastewater at the 
Marmite yeast extraction plant. A full schematic and plant details are attached as 
appendix 4. Further research work based on full scale operation and solids carryover 
will be undertaken upon successful commissioning of the plant during the latter part of 
2008. 
5.7 YEAST INDUSTRY WASTEWATER DIGESTION SUMMARY 
Experimentation using industrial plant wastewaters creates problems with the 
achievement of statistical consistency in perfonnance. This was particularly the case 
during the commissioning of new production plant when the feeds can vary wildly. 
This variability is to be expected and the literature review noted that within the yeast 
extract industry, feeds showed a range of characteristics in pH, total and suspended 
solids and in particular COD. Ln the experiments reported here on the latter stages of 
testing, variable ethanol levels created large swings in COD with 94% of the total COD 
load being soluble and mostly comprising ethanol. 
This variab ility is common for the typical industrial application of anaerobic digestion 
and in conclusion, it needs to be accounted for by the designers and operators in order to 
maintain a continuous satisfactory level of performance whilst keeping a digester 
healthy. 
The results have shown that yeast processing, in common with most industrial 
applications, have cyclic load profiles for their product which will be reflected in the 
wastewater volumes and loads. In addition, most process food industries were found to 
incorporate some fonn of automatic Clean in Place (CIP) process which, in the case of 
the yeast extract business, was shown to purge the plant of large amounts of solids and 
gives chemical swings in pH of between 2 and 12 within 60 minutes. Thus these 
variations will always require the balancing of feed profile to any AD plant. This can 
be done predominately by use of a balance tank and possibly a "calamity" tank for the 
excessive but short perturbations such as CIP discharge. 
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The experimental analysis undertaken and analysed on the yeast extTact industrial 
effluent has shown that the wastewater is readily biodegradable. Experiments (section 
5.2.1) showed that an UAF design could achieve a COD removal of73% at an OLR of 
8.96 kglm] d (Figure 5.2). Pilot plant performance initially proved equally successful 
using an UAF design. Efficiency ranged from 85% COD removal at an OLR of 
5 kgCOD/m ] d to 75% at OLR's of 13 kgCOD/m ] d. These OLR's were achieved at 
low HRT's of < 12 hours which is representative of high sCOD conversion giving 
insufficient time for the hydrolysis of the solids component reported in the literature to 
take up to 20 hours. Unfortunately this good perfonnance declined and after 12 months 
operation problems were encountered by media fouling which resulted in short 
circuiting of the media and much reduced performance. 
Similar problems were also suggested as the cause of a reduction in performance at 
other full scale studies (sections 5.3 and 5.4) . One useful ind.icator identified by the 
research was the corrosion products and broken media appearing in the effluent. Thus 
media plugging or breakdown will seriously affect the performance of a reactor. 
Adequate design and operating procedures will be required for flushing out of solids 
and for remedial work to be undertaken simply, otherwise the long term integrity of the 
treatment process is jeopardised. 
Therefore at present given the results, it was concluded that although the UAF design of 
anaerobic digestion plant can perfonn very well, great care is needed wi thin the design 
to ensure media support and cleaning is avai lab le. This has been shown to be a problem 
ifany level of suspended solids is present which can create problems of blockage, 
sedimentation or simply pass through untreated. 
The subsequent batch biodegradability trials achieved 98% sCOD removal and 92% 
tCOD removal which were still considered competitive against the most common 
commercial UASB and EGSB designs . The results and review have confirmed these 
designs to have the broadest track record for the treatment of high strength wastewaters 
provided the suspended solids components do not become entrained in the sludge 
blanket, thereby creating a too high a sludge load and because it is relatively inert 
material will result in a dilution of the sludge granu les with reduced activity and 
performance. 
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The anaerobic digestion of yeast process wastewaters has been shown to be feasible 
using fast rate digestion technology. The digester stability can, however, be affected by 
the so lids components within the feed in filters and therefore caution is also needed in 
UASB designs. The results suggest that EGSB teclmology is currently the most suitable 
since solid yeast particles can pass through the system untreated and a fu ll scale plant, 
based on these results, is now being constructed for the test site to treat yeast extract 
food process wastewaters. Results will be ava ilable in 2009 for analysis and 
determination of the success of this technology at full scale. A summary of performance 
for wastewater testing is shown in table 5.9 
\Vastewa ter 
OLR VS or Gas Y ield Comments 
COD 
remova l 
(%) 
Manchester Lab trials 8.96 73% 0.24 m IkgCOD"", Selection of reactor 
kgCOD/m'.d CODrcm design 
Marmite Pilot Plant 10-1 2 80% 0.35 m'lkgCOD"", 2 years testing wi th 
kgCOD/m' .d CODrem blockage evident and 
performance tail off 
Bakers Yeast Plant case 9 kgCOD/m'.d 60% 0.33 m' lkgCOD"", Operational data 
study CODrem displaying problems 
within digester 
NutraSweet case study 2-4 93% Blockage of media seen 
kgCOD/m'.d CODrem and refurb required 
(a fter 
refurb) 
Batch Treatment in 0.3 kgVS/m' .d Demonstrating biomass 
CSTR with biomass growth and stability 
retention 
Batch Biodegradabi li ty 92% 0.35 m' lkgCOD"", BMP test to establish 
trials CODrcl11 (used theoretical feasibility 
value to calc %cod 
rem'vd 
Table 5.9 A sUlllmGlY of test results for wastewater 
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5.8 RECALCITRANT YEAST CELL BREAKDOWN 
5.8.1 Waste analysis 
The previous sections have demonstrated the important bearing the solids load has on 
reactor design and performances particu larly wi th recalcitrant yeast cell wall debri s. 
Recalcitrant yeast cell wall debri s is recognised as being very di fficult to breakdown. 
The separated and concentrated empty yeast cel l walls are particular to the yeast extract 
business and are considered as waste once the cytoplasm has been ex tracted from within 
the ce lls. 
Earl y analys is of the yeast cell wall debri s carried out during 2004 indicated the COD 
averaged 100,000 mg/I and dry so lids levels of 5.6%. The Unilever Marmite plant 
upgrade changed the characteri stics of the waste by concentration. in particular, the 
ethanol levels and dry solids increased considerably, changing any operating parameters 
previously applied to any test digesters. The post plant upgrade characteristics for yeast 
cell wall debris are detailed in table 5.10. 
From the deta iled cell wa ll analysis undertaken and di splayed in table 5.1 0 it can be 
noted that the total COD was 159,000 mg/I with the sCOD measured by centri fuging a 
sample, was 65 ,000 mg/1. This gives approximately 4 1 % of the tCOD present as 
so luble COD. Again the majori ty of thi s so luble COD can be ascribed to the presence 
of ethanol which was recorded at a level of26,900 mg/1. VFA analysis indicated no 
pre-acidificati on of the waste wi th levels of250 mg/I, less than 1% ofsCOD present in 
the form of VFA. 
A carryover of ethanol from the brewery and the extract process, occurs with the yeast 
cell wall debris and thi s has a stTong impact on the COD results but is absent from VS 
measurements, being lost during the test. Subsequent ethanol tests (section 4.1.1 0) 
indicated variab le results with levels of up to 2% ethanol w/v found in the yeast cell 
wa ll debris and linked to the source of the original brewers yeast being processed. 
Several feed samples were obtained from the yeast ex tract factory to enable 
experimentation to proceed. The total and vo latile so lids variability of these samples 
can be seen in fi gure 5.26 where the dry solids vari ed between 4. 8 and 6.2%. This 
demonstrates that there are operational circumstances pertaining to the period of 
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sampling which give ri se to vari able so lids characteristics within the waste. Figure 5.26 
identi fies the three main feed samples with the fina l period of experimentation being 
drawn from a variety of si te samples. 
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Figure 5.26 Feed characteristics of yeast cell wall debris during experimentation (pre 
plall t modificatiolls) 
A stati sti cal examination ofthe fi rst three feed samples was made and is broken down 
into individual graphs for analysis of the consistency of the feed during storage and 
prior to use in any experimental digester. These are shown in fi gures 5.27, 5.28 and 
5.29. From the graphs it can be seen that there is no obvious deterioration in the TS and 
VS within the samples during the storage periods (max 250 hours), although some 
measurements do indicate minor variations. This is li kely to be caused by the need to 
mix the feed sample thoroughl y during sampling as any yeast so lids settl e easi ly and 
may cause some variabi lity in results. 
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Date of sampling 0710912006 
Date of testinQ 1110912006 
pH 5.4 
Conductivity mSlcm 2.75 
COD -analyses 
total mgl l 159,000 
centr. 15000 rpm mgl l 65,000 
TKN -analyses 
total mgl l 3250 
centr. 15000 rpm mgl l 
NH4-N mgl l 108 
Volati le Fatty Acids 
C2 acetic acid mgll 250 
C3 proprionic acid mgl l <5 
IC4 Isobutyric acid mgl l <5 
C4 butyric acid mgl l <5 
IC5 isovaleric acid mgl l <5 
C5 valeric acid mgl l <5 
C6 Hexanoic acid mgll <5 
Solids 
TS (total solids) gl l 93.6 
OTS (organic total solids) % ofTS 95 .2 
SS (suspended solids) gl l 
VSS (volatile suspended sol ids) % of SS 
Anions analyses 
sulfate (504) mgll 70 
phosphate (HP04) mgl l 550 
nitrate (N03) mgll <5 
nitrite (N02) mgl l <5 
chloride (Cl) mgl l 900 
bromide (Br) mgll <5 
Alcohol Analyses 
methanol mgll <50 
ethanol mgll 26,900 
1-propanol mgll <50 
2-propanol mgll <50 
1-butanol mgll <50 
phenol mgll <50 
Element Analyses 
aluminium (AI) mgll 0 .71 
calcium (Ca) mgll 135 
cobolt (Co) mgll <0.004 
copper (Cu) mgll 3.5 
Iron (Fe) mgll 17.2 
manganese (Mn) mgll 7.5 
magnesium (Mg) mgl l 307 
molybdenum (Mo) mgl l 0.32 
nickel (Ni) mgl l 0.13 
potassium (K) mgll 296 
selenium (Se) mgl l <0.05 
sUlphur (5) mgll 216 
zinc (Zn) mgll 7.9 
phosphorous -total (P) mgl l 773 
sodium (Na) mgl l 387 
Table 5. J 0 Characteristics of yeast cell wall debris-post plant upgrade. (Source 
Biothalle) 
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Post plant upgrade saw the water use within the production process reduce and the 
perfomlance efficiency of the extraction increase. This resulted in a more concentrated 
solution with ds ranging from 7 to 12.5% and vo latile solids accounting for an average 
of96.6% at between 75,000 and 120,000 mg/I (Figure 5.30). Routine measurements of 
COD showed levels ranging from 150,000 to 245,000 mg/I and can be seen in figure 
5.31, with an exceptionally low figure of 100,000 mg/I thought to be due to start up 
operation of the plant. 
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Figure 5.30 Feed characteristics o/yeast cell wall debris post plant modifications. 
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During laboratory testing, the batches of yeast cell wastes and wastewater were stored at 
4°C in order to maintain their condition. Aging was a concern and regular fresh samples 
of waste were co llected from the facto ry. Although every e ffort was made to achieve 
some consistency with the feed, the characteri stics did show variations. 
Microscopic examination of the yeast cell wall debris shows cells, which appear intact, 
with measurements in the range of8-1 0~m for medium sized cells. It is unclear as to 
whether all of the ex tract has been removed from the cells, which may account fo r some 
variations in TS and VS during sampling. Figure 5.32 shows original yeast cells as 
received at the extract facto ry and Figure 5.33 shows cell wall debris, post extraction 
and assumed to be empty prior to anaerobic digestion treatment but showing little 
di fference in appearance. 
Figure 5.32 raw yeast cells x 100 
Figure 5.33 Yeast Cell Wall debris x l OO 
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As can be seen from the previous discussion, treatment utili sing AD filter and sludge 
blanket reactors is not effecti ve in removing the so lids component of the yeast related 
industTY wastewaters. This next experiment was undertaken to determine more exactly 
and how the potential for AD as a treatment for yeast cell wall debris could be 
improved. 
5.8.2 CSTR Trial 
Stepwise loading regimes were used in four loading rate phases to assess treatability and 
reaction rates: 
• Phase A Initial loading to achjeve some stabi lity within the digester and 
ensuring accl imatisation of the bacteria to the feed (average 0.51 kgVS/m3.d). 
• Phase B Steady State loading (average 0.84kgVS/m] d) . 
• Phase C Increased loading to seek a higher OLR and lower HRT (average 
1.72 kgVSfm] d). 
• Phase D Deliberate overloading of the digester to failure (average 
3.98 kgVSfm3.d). 
A fu ll set of results is shown in table 5. 12. The negative results indicate a period of 
acclimatisation of the digesters and the data is not seen as representative. 
5.8.2.1 Stability of the reactor 
Although the pH of the influent dropped to below 5 during steady state phases B &C, 
the reactor performed well maintaining a digester contents pH of >7.2. The Ripley's 
Ratio also indicated stability with a ratio generally<0.5. As the loading increased 
towards 3.55 kgVSfm3.d, during phase D, the Ripley's Ratio gave early waming of 
failure which ultimately occurred shortly after the high loading was applied (Figure 
5.34). 
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Volatile solids destruction 
VS destruction averaged 6 1.3% over the stable operating period of OLR up to 
1.72 kgVS/m3.d. Variations in perfonnance were evident but these may be attributed to 
a slightly uneven loading pattern as the yeast cell wall debris characteristics changed 
and gaps in feed ing regime occurred. It is noticeable that the greatest VS destruction 
occurred at around the 0.88 kgVS/m3 d loading which averaged 64.82% VS destruction 
(Figure 5.35). At the point of high loading, leading to failure at 3.55 kgVS/m3 d, the VS 
destruction still recorded an average of 58.47% (Figure 5.35). 
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Figure 5.35 Volatile solids removal across OLR ranges 
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This reduced removal of vo latile solids can be seen more clearl y in fi gure 5.36 which 
shows the decreasing trend o f VS removal w ith increased OLR. 
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Figure 5.36 Volatile solids removal compared to OLR 
5.8.2.3 Gas yield 
Figure 5.37 indicates how a rapid digesti on takes place once the feed has been 
introduced where gas flow is seen to reach a peak within 30-40 minutes o f feeding . The 
trends at each feeding point are si milar and indicate two stages of methane production. 
Fi rstly, a large proportion of the mixture requ ires virtuall y no hydrolysis indicating that 
a high proportion of low molecular weight acetic acids and alcohols are present with the 
cell wall s and react immediately; the second stage is a lower but more consistent y ield, 
presumably from the so lids associated with yeast cell wall s, for which hyd rolysis is 
necessary. The base rate of gas yie ld appears to increase with the subsequent feeds 
which indicate the accumulation o f the tougher yeast cell wall s which need longer 
periods for hydro li sation. This is ultimate ly likely to be the rate limiting step in the 
digestion of the yeast ce ll wall debri s. 
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Figure 5.37 Gas production across 3 separate daily batch feeds 
The methane content of the gas can be seen from table 5. 11 to remain above 70% for 
the steady state feeding phases up until the load was increased to failure (an organic 
loading rate of3.55 kgVS/m3 ) where the production of methane dropped significantly 
to 38% with carbon dioxide becoming the predominant gas at 62%. 
Organic 1.72 kgVS/m' .d average 3.55 kgVS/m'.d 
Loading average 
rate 
Time 486 hours 557 hours 719 hours 826 hours 850 hours 
Period 
Methane % 73 ± 0 72 ± 0 75 ± 0 56 ± 0 38.5 ± 0 
Carbon 27 ± 0 28 ± 0 24 ± 0.5 43 .5 ± 0.5 6 1.5 ± 0.5 
Diox ide % 
Table 5. 11 .. Gas compOSitIOn from differing aLR 's 
By creating average OLR bands fo r particular phases of loading and applying the 
respecti ve gas yields, allows for comparisons of gas yield across the loading spectrum . 
Gas yield is measured in terms of mJ/kgVSdcslroycd and is unable to include any soluble 
vo latile COD (e.g. alcohols) which may have been lost due to the drying process 
(Figure 5.38). 
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Figure 5_38 Average gas yields compared with OLR bands 
The gas yield rises steadily with OLR until fai lure at a loading of3 _55 kgVS/m] d 
average. The biogas yield observed at this OLR is a little misleading at 
1.38 m3/kgVS rcm, as 60% of the gas is CO2 and onl y 40% CH4 (Table 5.11). The 
hi stogram in figure 5.38 highlights the average gas yield for the OLRs covered in each 
phase of loading. Large positive deviations can be seen, reflecting anomalies associated 
with uneven loading periods and periods of active digestion with no feed. 
The larger positive deviations are created from periods where no feeding takes place 
(weekends etc), but because of the slow breakdown of solid components as described 
earlier, gas production continues despite no feeding. This develops a misleading higher 
than average gas yield. The process of averaging gas yields for organic loading bands is 
an attempt at evening out these anoma lies. 
The increase in specific gas yield with increased OLR can be attributed to the increased 
sCOD load which is not recorded as VS. Lncreasing the OLR but keeping the same 
HRT will give a high gas yield from the sCOD but the recalcitrant yeast cells will not be 
digested as quickly and therefore an apparent gas yield increase will be seen for VS 
removal. 
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Digester Cap.(litres) 23 
Date Time Cum Time pH in pH out RRout S;in S!n0ut T~ln T~UI ";in VSgn"ut Feed VS add VSrmvd VS dest % \/'5 DestrGas prod Cum Gas Gas yiekf HRT OLR 
hIS hIS litres • • g % litres litres m3lkovs days KoVSlm3 13-Jul 1230 -163 5.25 7 21 .78 17.54 62.564 18.824 60.108 11 .368 1 60.11 11.37 0.00 
14-Jul 1100 -141 6.83 19.5 21 .816 60.108 0.75 45.08 0.00 60.11 100.00 7.23 7.23 
15-Jul 1045 -117 5.36 6.11 50.42 19.33 54.38667 24 .928 52.20667 17.392 0.75 39.16 13.04 32.04 71 .07 15 22.23 
16-Jul 1100 -91 5.33 18.87 21.4533 14.62667 0 0.00 0.00 25 47.23 
19-Jul 1325 -19 5.09 19 20.836 14.024 0 0.00 0.00 0.00 0 47.23 
2O-Jut 910 0 24.2 17.25 0 0 0 
21-Jul 915 22.57 5.42 6.93 65.26 27.65 62.54 15.66 0.15 9.38 2.35 0.00 1.69 1.69 0 153.3 0.41 
22-Jul 915 46.19 6.94 65.91 33.62 61.32 21.42 0.2 12.26 4.28 5.10 54.34 0.09 1.78 0 115.0 0.53 
23-Jul 1645 69.42 65.91 30.55 61 .32 18.74 0.2 12.26 3.75 8.52 69.44 2.61 4.39 0.31 11 5.0 0.53 
24-Jul 1705 6.84 65.91 30.55 61.32 18.74 0.2 12.26 3.75 8.52 69.43 3 7.39 0.35 115.0 0.53 
26-Jul 1130 1 :>6.2 6.89 65.91 29.96 61 .32 18.20 0.2 12.26 3.64 8.62 70.32 5.04 12.43 0.58 11 5.0 0.53 
27-Jul 915 160 5.9 6.92 59.76 28.43 57.69 17.23 0.4 23.08 6.89 5.37 43.80 8.09 20.52 1.51 57.5 1.00 
28-Jul 800 7 62.27 30.28 60.09 18.47 OA 24.04 7.39 15.69 67.98 15.25 35.77 0.97 57.5 1.05 
29-Jul 700 204.4 6.01 7.18 64.13 31 .06 61 .96 20.11 0.25 15.49 5.03 19.01 79.09 23.29 59.06 1.23 92.0 0.67 
3fl.Jul 715 228.5 7.49 62.27 27.82 60.09 16.40 0.3 18.03 4.92 10.57 68.24 22.48 81.54 2.13 76.7 0.78 
31-Jul 900 252.3 7.54 62.27 27 .48 60.09 15.96 0.3 18.03 4.79 13.24 73.45 21 .33 102.87 1.61 76.7 0.78 
01-Aug 945 2n.2 6.01 7.41 62.93 46.24 60.63 36.28 0.3 18.19 10.88 7.14 39.63 18.81 121 .68 2.63 76.7 0.79 
02-Aug 930 300.2 7.37 0.66 62.27 28 .67 60.09 18.22 0.4 24 .04 7.29 10.90 59.94 17.47 139.15 1.60 57.5 1.05 
03-Aug 1336 328.5 5.45 7.34 0.686 46.68 52.96 33.40 50.49 23.20 OA 20.20 9.28 14.76 61.40 20.47 159.62 1.39 57.5 0.88 
O4-Aug 1044 349.5 5.38 7.35 50.49 25.88 48.00 15.16 0.4 19.20 6.07 14.13 69.97 18.68 178.3 1.32 57.5 0.83 
OS-Aug 1025 373.3 5.54 7.38 50.58 23.62 48.48 13.54 0.4 19.39 5.41 13.79 71 .80 19.31 197.61 1.40 57.5 0.84 
06-Aug 1125 392 SA 7.3 0.86 50.49 24 .88 48.00 14 .00 0.4 19.20 5.60 13.79 71 .11 24.22 221 .83 1.76 57.5 0.83 
07-Aug 1058 41 9.3 7.18 50.49 26.13 48.00 15.28 0.3 14.40 4.59 14.62 76.12 20.54 242.37 1.41 76.7 0.63 
Q8..Aug 1037 439.2 5.44 7.26 50.49 37.80 48.00 21 .97 OA 19.20 8.79 5.61 38.97 18.49 260.86 3.29 57.5 0.83 
09-Aug 909 461 .4 7.24 0.726 50.49 33.48 48.00 23.84 0.4 19.20 9.53 9.67 50.34 21.37 282.23 2.21 57.5 0.83 
10-Aug 933 485.6 5.46 7.35 SO.55 30.02 48.17 20.04 0.5 24.08 10.02 9.18 47 .82 24.38 306.61 2.65 46.0 1.05 
l1 -Aug 1026 510.4 7.37 0.59 50.49 24 .54 48.00 14.13 0.6 28.80 8.48 15.61 64.80 28.98 335.59 1.86 38.3 1.25 
12-Aug 1005 534.4 7.39 0.625 51.28 27.01 49.01 18.20 0.8 39.21 14.56 14.24 49.46 33.24 368.83 2.33 28.8 1.70 
13-Aug 920 556.5 7.2 0.503 50.49 26.70 48.00 17.73 1 48.00 17.73 21.48 54.78 39.24 408.07 1.83 23.0 2.09 
16-Aug 1000 647 .3 4.91 7.55 0.424 47.9 51 .89 23.25 49.00 13.63 1 49.00 13.63 34 .37 71 .61 114 .16 522.23 3.32 23.0 2.13 
18-Aug 935 694 .4 5.34 7.46 0.4 42.67 26.61 40.73 18.28 1.2 48.88 21.94 27.07 55.24 57.64 579.87 2.13 19.2 2.13 
19-Aug 950 718.6 4.88 7.34 0.35 51 .95 23.48 49.75 15.47 1.4 69.65 21.66 27.22 55.68 48.24 628.11 1.77 16.4 3.03 
20-Aug 730 739.3 4.75 7.36 0.79 50.32 26.42 48.13 19.22 1.6 n .OO 30.76 38.89 55.84 53.36 681.47 1.37 14.4 3.35 
21-Aug 1142 767.4 7.31 1.08 50.49 26.08 48.00 19.12 1.6 76.80 30.59 46.41 60.27 81 762.47 1.75 14.4 3.34 
22-Aug 1055 790.1 4.72 6.98 1.43 60.02 26.29 57.39 19.44 1.8 103.30 34.98 41 .82 54.45 65.63 828.1 1.57 12.8 4.49 
23-Aug 915 812 .6 5.21 6.6 2.57 67.84 25.69 65.36 19.68 2 130.71 39.36 63.94 63.05 891 .15 0.99 11 .5 5.68 
24-Aug 1230 826 6.15 5.91 24 .12 18.33 0 
26-Aug 23.18 17.39 0 
Table 5.12 Elementary Testing of Yeast Cell Wall Debris. 
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5.8.3 Batch biodegradability trial 
5.8.3.1 Cell wall debris analysis 
The li terature review and earli er experiments have indicated that there would be 
problems with digesting the yeast cell wall debris. From the detailed wastewater 
analyses of the yeast cell wa ll debris stream (table 5.1 0) it was noted that approximately 
41 % of the tCOD was present as sCOD. As with the wastewater, the vast majori ty 
(86%) of the sCOD was ascribed to ethanol present which accounted fo r 26,900 mg/1. 
The remaining fraction oftCOD comes fro m suspended so lids (SS-COD) equating to 
approx imately 94,000 mg/1. 
In common with the general wastewater stream, the VF A analyses once again revealed 
the lack of pre-acidification of the waste stream with less than 1% of the so luble COD 
present in the form ofVFA (250 mg/I tab le 5.1 0) . The macro nutrient analyses showed 
that there was also a limited amount of bio logically available nitrogen in the form of 
NH. -N ( I 08mg/l) present in the waste stream . It is anti cipated however, that digestion 
will transform the majority of the TKN into NH4-N therefore eliminating the need for 
any ex tra N addition to optimise acti vity and growth . The amount of phosphorus 
present (773 mg/l) is appropriate for anaerobic digestion. Micro nutri ent analyses shows 
a cobalt level at <0.004 mg/l which suggests the need for some micronutri ent dosing 
should a pilot or full scale plant be buil t. 
5.8.3.2 Maximum biomass activity 
As described earli er, the yeast cell wall debris stream is highl y concentrated and 
required dilution by a factor of 10 to enable sati sfactory batch testing to be carri ed out 
in a small 3 litre laboratory scale digester. This results in the multiplying factor being 
applied in any calculation to determine full gas yield etc based on these resul ts. A fu ll 
set o f re suits can be seen in table 5. 13. 
When looking at the initial methane production line for feed I, it was noted that no 
methane gas was detected for the first 5 hours. This was not what was expected from 
the feed because of the presence of the ethanol which previous experiments have shown 
to degrade almost immediately into biogas. Introduction of the second feed did produce 
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an immediate methane gas production which gives ri se to a suspicion that gas leakage 
occurred at the commencement of the experiment (Figure 5.39). 
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Figure 5.39 Batch biodegradability trials o/yeast cell wall debris 
Introduction of the second feed produced slightly higher methane gas yield than for the 
first feed. However ifsome correct ion was added for the first 5 hours of testing thi s 
improvement may be considered negligible. I f improvement did occur, then this may 
reflect on the further adaptation of the biomass in dealing with the feedstock. It is also 
possible that residual COD from the first feed may have been retained in the biomass 
granules and continued to degrade during the second feed leading to a s light increase. 
S.S.3.3 Total COD removal 
The yeast cell wall debris stream is very high in suspended solids and it is a difficult 
exercise within the batch experiment to measure the tCOD removal efficiency. The 
total methane gas production is therefore followed more closely and theoretical 
calibration calculations are made for the COD removal and corresponding efficiency 
based on the theoretical methane production from the COD. The sCOD removal is 
determined by comparing the initial sCOD with that measured after the test. 
Methane is measured (table 5.13) which can be calculated back to tCOD removal using 
the conversion factor: 
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I kgCOD converted = 0.35 Nm3CH4 (Gas vo lume at STP ofO°C and I bar) 
or 0.376 Nm3CH4 (20°C laboratory room temp) 
The gas production after feed I (corrected for the amount of caustic added) is 9,338 ml 
CH4 which corresponds to: 
9338 = 24.8 COD 
376 g 
The total added amount of COD was (2 litres of feed! dilution factor) x tCOD for waste. 
0.2 x 159 g tCODI I = 31.8 gtCOD 
The final removal efficiency after feed I is therefore: 
24.8 =78.1 % 
31.8 
In the same way the efficiency after the second feed was calculated to be 81.5%. Both 
feeds show an identical COD reduction pattern. The second feed shows a little higher 
degradation effic iency which could be explained by the fact that some res idual COD 
from the first feed is further degraded during the second feed, therefore enhancing the 
degradation efficiency during the second test. 
The soluble COD at the beginning and end of each feed were also measured to 
determine the sCOD removal efficiency. For the first feed thi s was determined to be 
96.7% whi le for the second test, this was slightly higher at 97.4% removal (after 
correction for non-b iodegradable COD from the first feed) . 
From the di fference between the tCOD and sCOD before and after each feed, the SS-
COD reduction can also be calculated. For the first feed this was in the range of 67% 
reduction of SS-COD while for the second feed this increased to approximately 73% 
SS-COD reduction. As the second feed may have been enhanced by the res idual SS 
from the first feed, the average SS-COD degradation would be approximately 70%. 
SS-COD is difficult to measure since homogenisation of the yeast cell walls is required 
to give a more consistent product for accurate analysis. 
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Table 5.13 Results from batch biodegradability trials 
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5.8.4 Yeast industry waste solids treatment summary 
It has been concluded from the experiments summarised in section 5.7, that the 
wastewater stream is relatively easy to anaerob ically digest, but the recalcitrant and 
poorly biodegradable yeast cells will provide a more challenging problem (section 2.4). 
Just as with wastewaters, obtaining consistent samples from a factory process was 
difficult and the dry solids component of yeast cell wall debris stream varied between 4 
and 12.5% creating large potential swings in organic load. Yeast cells were not the sole 
source of organics within the wastewater. In the case of the yeast extract business, 
varying amounts of ethanol are incorporated and hence COD was seen to reach 245,000 
mgll. The variability in density of yeast cells in the wastewater, their toughness and the 
equipment utilised makes good representative analysis difficult. The primary purpose 
of the batch treatment on the biodegradation of yeast cell wall debris experiment 
reported in section 5.5 was to detemline the feasibility of digesting yeast cell wall debris 
and therefore the perfomlance measure used could be volatile solids which allow such 
anal ysis to be made. 
Experimentation concluded that digestion of yeast cell wall debris within a simple 
CSTR was achievable with VS destruction varying between 59 and 63% at OLR's of 
1.72 and 0.84 kgVS/m] d respectively (section 5.8.2.2). The biogas produced contained 
72-75% methane at biogas yields 0[2.3 m3/kgVSrcm. This indicated that destruction of 
the yeast cell s did occur although the gas yield is misleading since some biogas wi ll 
have been derived from the ethanol entrained with the cells and which is not picked up 
within a volatiles analysis. A sUlrunary of experimentation is shown in table 5.14 . 
Veast Cell Wall Debris 
OLR VS or COD Gas Vield Comments 
removal (%) 
Simple CSTR Trial 1.72 61.3 % VSrem 2.2 m'!kgVS,,,,, Test for feasibility of 
kgVS/m" d cell destruction by 
measuring VS 
destruction 
Batch Biodegradability 81.5% 0.35 BMP to assess 
Trial CODrcm m3/kgCODrem potential of AD 
(theoretical 
value used) 
Mixed Wastes 5: I mix 1-3 63.7 % CSTR 3.3 m'!kgVS"m Combination ofCSTR 
wastewater: Yeast Cell kgVS/m'.d VSrem and USB not seen as 
walls 96.3% total cost effective 
Table 5.14 A SU/11/11wy of experimentatioll 011 yeast cell wall debriS 
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5.9 TREATMENT OF FACTORY MIXED WASTES UTILISING A CSTR 
AN D UASB [ SERJ ES. 
Prior to the 2005 plant improvements, the yeast extract plant production accounted for 
262,000m3/year of waste water and 42,000 tonne/year of cell wall debris i.e. a ratio of 
6: I Wastewater: Ce ll Wall Debris (described in section 4.7). With this in mind and the 
fact that it is likely that the so lids content of the yeast cell wall debris may increase, it 
was decided to experiment based on a ratio of 5: I wastewater: yeast cell wall debris 
utilising a laboratory scale CSTR and UASB in series as described in section 4.7. A full 
set of results can be seen in table 5.16. 
The individual wastewater streanls, as received from the factory, were analysed prior to 
mixing and subsequent feeding to the two stage digester. As can be seen below in table 
5. 15, the yeast cell wall debris feed has significant variation in both total and vo lat ile 
so lids with vo latile solids varying +24% to -22% of the mean value. The crude 
wastewater was more consistent varying between + 10% and -6% of the mean. 
Yeast Cett Watt Debris Wastewater 
Sampte No Date TS VS TS VS 
mg/l mg/l mg/l mg/l 
2005 
1 11-May 87.604 84.772 2.988 1.342 
2 07-Jun 60.372 58.924 2.188 1.306 
3 16-Jun 93.222 90.168 3.372 1.504 
4 06-Jut 60.268 56.974 2.394 1.286 
Table 5. j 5. Wastewater and yeast cell waste streams 
5.9.1 Reactor performance 
The variability of the solids feed translates across into the mixture fed to the digester 
and can be seen in the graph figure 5.40, depicting strength of feed added to the reactor. 
Despite these variab le feed strengths, the reactor copes well and delivers a consistent 
output. 
The area of greatest consistency (Area A on the graph) shows a good perfom1ance, with 
output VS remaining steady at 6,640 mg/I (+7%, -4.7%). The immediate drop in 
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strength after this area "A" reflects the lower feed strength of the yeast cell wall debris 
seen in table 5.13 for sample 2 (6th July). 
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Figure 5.40 CSTR feed alld ejJluellt strengths 
5.9.2 Organic carbon conversion 
'" 
1000 
Volatile solids destruction was measured across, firstly the CSTR, and finally across the 
two reactors simulating a full system. The performance of the CSTR appears variable 
with a standard deviation of 14.46; however, there are cyclical patterns throughout 
thought to be linked to the high removal values from samples taken following a 
weekend where two days will have elapsed without any additional feed being 
introduced into the system allowing greater solids digestion. The average value ofYS 
destruction taken across the experimental phase for the CSTR reflects a figure of 
63 .72% as can be seen in figure 5.4 1. 
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Figure 5.41 Volatile solids removal across two digesters 
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The average VS removal of63 .72% is similar to the single CSTR experimental tests 
undertaken with yeast cell wall debris, which averaged 61 .3% VS removal over the test 
(section 5.8.2.2). The OLR for this previous perfonnance was up to 1.72 kgVS/mJ d 
whereas the mixed waste trial here was up to 2.2 kgVS/m3.d. Sewage sludge treatment 
through AD within a mesophilic CSTR is stated as having typical loading rates of 0.8 -
1.6 kgVS/mJ d and VS removal of 40 - 50% (Sambidge 1996). 
Uti li sing an UASB as part ofa 2 stage process on the discharge from the CSTR reactor, 
gives a polishing effect. The reactor has greater vo lume and since the granules fonn 
and settle easily into a sludge blanket, the fluid penneates through and clear supematant 
is drawn off. The supematant had an average strength of 538 mg/I giving an average 
total volatile solids removal across the system of96.3%. 
Operation of this type of reactor does require periodic removal of sludge granules as the 
sludge blanket builds up. This was undertaken to ensure a consistent level of the sludge 
blanket within the reactor. [fthe characteristics of the sludge removed are taken into 
consideration, the overall system VS destruction does reduce but is still 88%. 
The greater level of organic destruction can be explained by the previous wastewater 
experiments where small levels of ethanol present in the yeast cell wall debris and 
wastewater are converted rapidly into biogas (Figure 5.37 showing ethanol spikes). 
Ethanol has a relatively high value of COD but will not register using the volatile solids 
test. 
Although the COD was not measured regularly because of the difficulty associated with 
representative solids samples, a sample test through the system supports the findings 
derived from the VS reduction figures (Figure 5.42). 
The COD reduction across the CSTR can be seen at 67% and the final outlet from the 
UASB can be seen as 263 mg/I, an overall reduction of99%. Again this does not 
include the surplus granules (COD reading of24, 167 mg/I) which occasionally needed 
to be drawn off the system. 
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Figure 5.42 COD through the digester process 
5.9.3 Suspended and total solids reduction 
This perfonnance is further supported by the suspended solids reductions through the 
system. The supematant has an average suspended solids of 120 mgll compared with 
the yeast cell wall debris at 82,000 mgll and the crude wastewater at 470 mgll. Total 
so lids reduction is seen as averaging 49.3% of the TS input into the CSTR. This again 
exceeds the typical values of 30 -35% as identified by CIWEM for sewage sludge 
(Sambidge 1996). 
5.9.4 Gas yield 
As di scussed earlier, the effects of feed variability and feeding programme created 
di ffi culties in achieving consistent gas yield measurements. Applying averages across 
the feed ranges utilised within the experiment and assessing the gas yields during the 
total period of digestion covering thi s feed ing profi le, gives the results seen in figure 
5.43 below. 
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Figure 5.43 Average gas y ields with vwying loading rates. 
The error bars do indicate variation, particularly as the loading rates are increased, but 
generally the maximum variations occur after several days of digestion without feed 
during which time, continued slow digestion of the recalcitrant so lids occur similar to 
the effects noted earl ier in section 5.8.2. This will give a misleading gas yield when 
averaging back to a single batch feed with more than I day's gas generation being 
included in the data. In fact each of the maximum error bands for each group ofloading 
follows a weekend of no loading but continuous gas generation. 
Digester stability was endangered towards the high end loading rates at which point the 
single batch load was applied wi th more caution by splitting the feed into several 
batches across the day and some caustic dosing to contain the pH and Ripley's Ratio 
within good operating parameters. 
5.9.5 Hydraulic retention time 
The hyd raulic retention time for the mixture is controlled by the CSTR. With a 5 : I 
mix, the wastewater significantly dilutes the solids of the yeast cell wall stream and 
enables easier hydrol ysis and digestion enhancing activity and mixing. 
Early levels ofHRT were 11.1 and 10 days at OLRs of 0.88 and 1.27 kgVS/m3 d 
respectively as the digester is acclimatised to the feed characteristics by modest loading. 
The HRT is then reduced to around 8 days creating an experimental average of 8.59 
days (Figure 5.44). The outli ers between 500 and 600 hours reflect reduced feed due to 
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insufficient sample feed quantity being available. It is assumed the HRT for the UASB 
stage cou ld actually be much shorter at full scale due to better reactor design consistent 
with the literature review 2.2. 1.3. 
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Figure 5.44 Combined average hydraulic retention time across two digesters. 
5.9.6 Organic loading rate 
As described earlier, the digester was established wi th OLR's of 0.88 kgYS/m] d. As 
the digester became resil ient to higher loads the feed vo lumes were increased unti l a 
load of3.19 kgYS/m] d was reached. At this point the CSTR digester contents reacted 
to this load with a ri se in the Ripley's ratio to 1.8 and a small drop in pH to 6.52 
indicating potential failure (Figure 5.45). The feeding was stopped for 2 days and on 
recommencement kept low to ensure stability was regained . From this point the reactor 
was maintained with an OLR <3 kgVS/m3.d and, as can be seen from Figure 5.45, the 
digester maintained stabili ty. This compares simi larly wi th the simple single CSTR 
trials with yeast cell wall debris (section 5.8.2) which again showed OLRs of 
>3kgVS/m3.d caused instability and ultimate failure of the reactor. 
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5.9.7 Mixed waste treatment summary 
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Performance of the eSTR is in line with the earli er tests using yeast cell wall debri s 
alone. VS removal is higher than that reported with sewage sludge based on the total 
so lids removal. Utili sing a wastewater mix reduces the TS content of the yeast cell wall 
debris down from 93 gll to 20 gll which reduces the so lids content within the digester 
and can create better mixing potential, thereby giv ing greater opportuniti es for 
breakdown of the recalcitrant component of the yeast cells. Further experimentation 
with different mixes and recirculation would be beneficial in determining the optimum 
digester design and capacity for a full scale operation. However, a two stage process 
incorporating a eSTR and UASB is likely to be too capital intensive for most industrial 
appl ications. Thus work on a separate eSTR looks more promising wi th dilution or 
combined with other wastes. 
The gas yield is misleading when quoted as mJlkgVSrem with and average level of 
3.3mJ/kgVSrem being significantly greater than the 0.8 - 1.1 mJ/kgVSrem identified as a 
typical value for sewage sludge treatment by Sambidge ( \ 996). Such an increased level 
would be better reported by utili sation ofeOD which would capture the ethanol content 
in the waste streams. Comparison with other solid wastes is therefore difficult. The 
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yeast cells are regarded as being very tough and recalcitrant and these experimental tests 
demonstrate that they can be broken down with an efficiency of >60% which is 
comparable with other so lid wastes utilising a CSTR. 
The UASB created a secondary phase which allowed good treatment of the mixed 
wastes with an average VS removal of96.3% and an outlet COD of236 mgl!. This low 
COD is created from the further slow treatment of the digestate which has been 
transferred from the CSTR. The primary CSTR treatment process is converting >60% 
of the VS to gas and creates biomass flocs which carry over into the second stage. Even 
with good mixing within the UASB cell, settlement is rapid leaving clear supematant 
once the mixing has ceased. This would enable quick recovery of granules to allow 
recirculation ofbiomass back into the CSTR ifrequired as well as creating a good 
effluent from the complete system. This type of two stage system does, from this data, 
have potential for further testing. 
In order to detennine whether further solids breakdown was possible then the next 
group of experiments researched the possibility of using ultrasonics to enhance particle 
breakdown. 
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Date Cum Time pH in pH out RRout TS tn TSout vs In VS out Feed Dailv feed VS add VS rmvd VS dest. % vs DElstr VS nnvd B VS rmvd lot % VS dest Gas prod Cum Gas Gas yield HRT OlR 
h'" an Q/I L ~ mL mt 0 0 0 
" 
0 0 
" 
litres litres m3lk---'Lvs daVS KgVSlm3.d 
07.Jun 0 6.82 7.23 0.4237 5.645 9.33 ' .90 5 .36 900 900 4 .41 4.82 0.00 0 
()8.J,n 23 6.77 7. 17 0 .6667 11.056 9.73 9.73 5 .28 900 900 8 .76 4.76 0 .00 2.8 2.8 0 11 . 11 0 .88 
09.Jun 47.25 7.06 0.4103 7.56 9.73 4 .31 900 900 8 .76 3.88 4.87 55.67 6 .5 9 .3 1.33 11 . 11 0.88 
10.Jun 70.75 6 .... 7. 15 0 .4 167 10.644 8 .02 9.28 4 .96 900 900 8.36 4 .47 4 .29 48.96 7.95 11.25 1.85 11 . 11 0 .84 
tJ.,Jun 143.25 6.62 7 .16 0.4138 10 .672 7.27 9.80 4 .53 500 tOOO ' .90 2.20 6.09 72.90 10.75 28 1.76 to 0.98 
152 9.80 4.528 500 ' .90 2.20 2.64 53.81 3 31 1.14 
14.Jun 167 6.63 7.05 0 .5143 15.364 6 .96 13.98 4 .35 500 tOoo 6.99 2.18 2.73 55.61 6 37 2.20 10 1.40 
175.25 13.98 4 .35 500 6.99 2.18 4 .61 68.87 5 42 1.04 
15-Jun 189.25 6.03 7 .01 0 .5 14 .484 6 .93 12.66 3.84 500 tOOO 6.33 1.92 5.07 72.50 7 ' 9 1.38 10 1.27 
194 .25 12.66 3 .84 500 6 .33 1.92 4.41 69,63 • 53 0 .91 
16-Jun 215.25 ' .68 6 .92 0.6 14.228 7 .24 12.69 4.93 500 1000 6.35 2.46 3 .86 6\ .06 10 63 2.59 10 1.27 
221 .75 12.69 4.93 500 6 .35 2.46 3 .88 61 .17 4 67 1.03 
17·Jun 239.25 6.67 7.08 0 .3667 18 .64 3 .06 16.67 1.26 500 1000 8.33 0 .63 5 .7\ 90.04 3.93 5.97 76.42 4 71 0 .70 10 1.67 
245.75 16 .67 500 8.33 0 .63 7.70 92.44 4 75 0 .52 
2O..Jun 311 .25 6.32 6 .86 0 .5556 18.058 6 .67 16.43 5.43 800 1600 13.14 4.35 3.99 47.86 1.62 2.63 93 .64 14 89 3.51 6.25 2 .63 
3\7.75 16.43 5 .43 800 13. 14 4.35 8.80 66.94 6 95 0 .68 
22..Jun 359.25 6.18 7 0 .52 21 .862 8 .09 19.95 5 .09 800 1600 15.96 4.07 9.07 69.02 0.78 1.40 97 .56 20 115 2.20 6 .25 3 .19 
365.5 19.95 5.09 800 15.96 4.07 11.89 74 .49 7 122 0 .59 
2J.J,n 383.75 6.23 6.78 21 .288 9 .79 19.23 6 . 11 800 1600 15.38 4.89 11 .07 69.36 0.93 1.98 96 .98 17 139 1.54 6 .25 3 .08 
388.5 19.23 6 .11 800 15.38 .... 10.49 68.20 10 149 0.95 
24..Jun 407.25 6.23 6 .52 1.8 20.612 ' .99 18.n 3.32 800 800 15.01 2.65 12.73 82.75 0.63 1.85 95 .80 18 167 1Al 6.25 3 .03 
21..Jun 479.25 5.99 7 0 .5 20.835 10.05 19.09 6 .77 800 800 15.27 5.41 9.60 0.63 1.95 95 .87 32 199 3.33 7. 143 1.53 
28-J,n 503.25 6 .9 0 .5588 10.82 19.09 7 . 10 600 600 11.45 ' .26 11.01 72.09 0.55 0.55 95 .20 27 22ti 2.4 5 16.67 1.15 
3O..Jun 556 5.75 7 0 .4286 20.746 9 .94 18.71 6 .42 700 700 13.14 4 .50 6.96 60.15 0.55 1.19 95 .81 '8 274 6 .90 14.29 1.31 
01..Jul 575 6.52 6.97 0 .48 20.325 9 .90 18.42 6 .69 600 1200 11 .05 4.02 9 .12 69.44 0.85 1.88 96 .70 29 303 3. 18 7. 143 2.58 
581 18.42 6 .69 800 14 .74 5.35 5.70 51 ,57 17 320 2.98 
04..Jul 647.5 6.93 0.5 18.42 6 .69 800 1200 14 .74 5.35 9.39 63.68 0.50 0.50 97 .74 26 346 2.77 8 .333 2.21 
652.5 18.42 6 .69 400 7.37 2.68 12.06 81 .64 9 355 0 .75 
05-Jul 671 6.22 6.89 0.5 19.982 9 .21 18.18 6 .33 300 1200 5.45 1.90 5.47 74.24 0.55 1.60 97 .48 27 382 4 .93 8 .333 2. 18 
677 .25 6 .9 18.18 6 .33 900 16.36 5.70 ..0.24 12 39' 
06-Jul 696.75 5.93 6 .99 0 .3636 12.896 9 .62 11 .37 6 .39 600 1200 6 .82 3.83 12.53 76.58 0.97 12.27 92 .89 32 420 2.55 8 .333 1.36 
10 1.25 11 .37 6 .39 600 6.82 3.83 2.99 43.82 9 435 3 .01 
08·Jul 742.75 5.20 6.92 0.4815 12.13 9 .26 10.87 7.08 600 1200 6.52 4.25 2 .58 37.77 0.49 0.49 97 .06 25 460 9 .70 8 .333 1.67 
748.5 5.50 18 .52 16.90 7 .076 600 10 .14 4 .25 2 .28 34 .90 10 470 4 .39 
09..Jul 166.75 5.25 7.05 0.4286 18 .298 9 .76 16.57 6 .59 800 1200 13.26 5.27 4 .87 48.00 0.49 0.49 97 .54 
" 
'89 3.90 8 .333 1.99 
nO.25 16.57 6 .59 .00 6.63 2.64 10.62 80.12 6 •• 5 0 .56 
12..J] 839.5 ... 6.91 0.4762 18 .884 10 .23 17.16 7.06 600 1200 10 .30 4.24 2 .39 36.10 0.46 0.46 97 .71 .. 519 10.03 8 .333 2 .06 
84' 17.16 7.06 600 10.30 4.24 6 .06 58.86 
13..Jul 862.75 4.60 6.62 18.478 16.08 7.016 600 600 9.65 4.21 6 .09 59.12 0.46 0.46 95 .23 22 541 3.61 0 .96 
AveraQe 63.72 96.30 3.30 8.59 
Table 5. 16 Yeast Extract/actolY wastes: CSTR alld UA SB combined trials a/mixed wastewater alld yeast cell wall. 
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5.10 PRE-TREATMENT USING ULTRASON ICS 
The results so far, together with the literature reviewed, make it apparent that the 
recalcitrant solids and yeast cell walls in particular are a problem. Breakdown has been 
demonstrated as possible but the type of reactor and HRT required creates a potentially 
large system which wi ll be capital intensive. Research is needed therefore, to identify 
some foml of pre-treatment for the recalcitrant cells thereby improving digestion 
performance and reducing the HRT. 
UltTasound has been shown to have benefits when treating sewage sludge. No research 
has been identified which can be related to cell breakdown similar to yeast cell wall 
debris although previous literature (section 2.7.3) has identified that ultrasonics works 
well with waste and surplus activated sludge. 
5.10.1 Sonotrode selection 
Ultraso und can be applied to a liquid with many variab les: power; time duration; batch 
fluid vo lume; sonotrode size; temperature control; flow rate in the case of a flow cel l. 
In order to detemline the most effective ultrasound application for yeast cell wall debris, 
a series of tests were therefore undertaken to examine the release of soluble Total 
Organic Carbon (sTOC) from di ffering sonotrode sizes, power settings and treatment 
times at a frequency of 20kHz. 
lnitiallya 50 mm sonotrode was utilised in a cup holder (Figure 4.13) to enab le 
isothermic testing by a cooling flow app lied around the test sample. This was then 
compared with a 25 mm sonotrode immersed into 150 ml sample, 10mm above the 
beaker base. Both measurements of sTOC were compared to a control sample taken 
from the sanle batch of yeast cell wall debris. The readings indicate (table 5. 17) that 
there is limited improvement from using the 50 mm probe even after applying the 
maximum power setting from the apparatus for a period of 10 minutes, doub le the time 
applied to the 25mm sonotrode. 
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Sample Test Power Power Probe Dia. size Period Settina 
cm ml min w 
Cup Horn 50 150 10 Level 10 15 
25mm Probe 25 150 5 Level 10 100 
Total Or anic Carbon (ppm) 
Rdg 1 Rdg 2 Average 
Control 1 19140 21420 20280 
Control 2 19560 20370 19965 
25 mm Probe 25020 23910 24465 
50 mm Cup 19560 20190 19875 
Table 5. 17 Ultrasonic test comparing sonotrodes 
Whilst the sTOe of the 50mm cup horn sample shows little change from the contro l, the 
25 mm sonotrode has produced a 22% rise fo r only halfofthe treatment time and for 
the same power setting. Delivered power is reduced with the larger probe because of 
the larger head area and mass. In order to deliver the same power for the 50mm head a 
much larger generator wou ld be required. 
5.10.2 The effect of power and treatment time on release of so luble organic carbon 
The recognition that a 25111m sonotrode could create a better rise in sTOe at maximum 
power setting, led to further testing and analysis of the effects of power and treatment 
time on samples of yeast cell wall debris. A screening test over severa l days was 
carried out on batch samples utilising several power levels and with treatment times 
varying from I minute to 5 minutes. The resultant supernatant taken from the 
centrifuged sample was then examined for so luble TOe and compared against a control 
taken from the same sample and tested on the same day. 
Detai led analysis from power levels 3, 7 and 10 are shown in table 5.18 with the 
summary data of all power levels tested, shown in tab le 5.1 9. 
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Power Level 10 Ultrasound 
# pH Time (min Power(W Temp ("C) TC (ppm) Dilution TC Actual (p m) 
Av: 802.6 
Control 4.31 0 0 20 +/-: 14.24 25 20065 
sd: 1.774 
Av: 818.7 
01 4.29 1 108 30 +/-: 23.38 25 20467.5 
sd: 2.856 
Av; 868.4 
02 4.44 2 99 48 +/-: 32.9 25 2170 
sd: 3.788 
Av: 910.2 
03 4.37 3 90 60 +/-: 3.221 25 22755 
sd: 0.354 
Av: 971.9 
04 4.33 4 81 65 +/-: 74.77 25 24297.5 
sd: 7.693 
Av: 988.1 
05 4.32 5 75 80 +1-: 25.42 25 24702.5 
sd: 2.572 
Power Level 7 Ultrasound 
# pH Time (mln Power (W Temp ("C) TC (ppm) Dilution re actual (ppm) 
Av: 609 
Control 4.35 0 0 20 +,-: 78.34 20 16180 
sd: 9.869 
Av: 855.4 
01 4.37 1 75 23 +/-: 48.46 20 17108 
sd: 5.665 
Av: 900.7 
02 4.48 2 72 39 +/-: 9.981 20 1801 4 
sd: 1108 
Av: 999.4 
03 4.48 3 69 52 +/-: 20.28 20 19988 
sd: 2.029 
Av: 989 
04 4.38 4 63 61 +/-: 48.54 20 19780 
sd: 4.908 
Av: 1086 
05 4.49 5 57 69 +/-: 5.701 20 21720 
sd: 0.525 
Power Level 3 Ultrasound 
# pH Time (min Power (W Temp ("C) TC (ppm) Dilution re actual (p m) 
Av: 769.6 
Control 4.54 0 0 20 +1-: 141 20 15392 
sd: 18.38 
Av: 1005 
01 4.54 1 36 21 +/-: 49.05 20 20100 
sd: 4.881 
Av: 802 
02 4.57 2 36 36 +1-: 38.27 20 16040 
sd: 4.77 
Av: 911 .7 
03 4.58 3 36 36 +/-: 26.17 20 18234 
sd: 2.87 
Av: 888 
04 4.57 4 33 43 +/.: 3.256 20 17760 
sd: 0.385 
Av: 903.9 
05 4.6 5 33 51 +/-: 43.17 20 18078 
sd: 4.776 
Table 5. 18 Ultrasol/ ic power al/d duration selection tests 
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Utilising the carbon analyser (section 4.1.6), the samples were tested for both Total 
Carbon and lnorganic Carbon. None of the samples exhibited any measure of inorganic 
carbon and as such the Total Carbon measurement as been assumed to be TOC. With 
higher power levels, the action within the sample is more violent and as can be seen 
from table 5.16 the sanlp le temperature ri ses. Concem did exist as to the effect of any 
rise in temperature of the sample leading to release of soluble carbon, but in testing wi th 
a cooled sample, little ev idence of this ex isted and with the power level 3 samples 
(Figure 5.46 and table 5.18) it can be seen that the sample temperature does rise but thi s 
is not matched by a corresponding ri se in sTOC. 
These results can be seen more clearly in figure 5.46 depicting TOC rise above the 
control for each power setting. Each power level test incorporated increases in 
sonication times from I to 5 minutes and was compared for increase in sTOC with the 
control. The control and test are subsamples from the same original batch sample. This 
negates any variation caused by testing on di fferent days with differing batches of yeast 
cell wall debris. As can be seen in several cases, little impact is not iced from only I 
minute of sonication whereas significan t rises occur in all samples, particularly power 
levels 4 and above for increased periods of treatment. Peak performance levels occur at 
power level 7 from 5 minutes of treatment, after which increasing power gives no 
further benefits. Table 5.19 also identi fies the different measures of Ultrasonic 
lntensity, Ultrasonic Density and Specific Energy Supplied (Espec). 
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Figure 5.46 Effects o/ultrasoulld and time all sTOC 
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Size of sample 
Sonotrode Dla 
Sonotrode area 
Power Time 
l evel 
Mln 
level 10 
1 
2 
3 
4 
5 
level 9 
1 
2 
3 
4 
5 
levelS -
1 
2 
3 
4 
5 
level 7 
1 
2 
3 
4 
5 
leve l 6 
1 
2 
3 
4 
5 
level 4 -
1 
2 
3 
4 
5 
ievel 3 
1 
2 
3 
4 
5 
Table 5.19 
150ml 
2.5cm 
4.91cm2 
Power 
watts 
-
108 
99 
90 
81 
75 
-
96 
93 
87 
78 
66 
84 
84 
78 
75 
69 
75 
72 
69 
63 
57 
-
63 
63 
63 
57 
57 
-
45 
45 
42 
42 
39 
-
36 
36 
36 
33 
33 
TOe 
ppm 
20.065 
20.468 
21.710 
22.755 
24 .298 
24 .703 
19.343 
19.035 
21.775 
24.293 
24.745 
25.825 
17.884 
17.118 
19.818 
21.460 
22.620 
22.620 
16.180 
17.108 
18,01 4 
19.988 
19.780 
21.720 
18.136 
15.038 
19.134 
20. 160 
21.694 
21 .780 
18.513 
18.798 
18.695 
19,450 
20.483 
21.128 
15.392 
20.100 
16,040 
18.234 
17.760 
18.078 
Normali sed 
Increase 
% 
0.0% 
2.0% 
8.2% 
13.4% 
21.1% 
23.1% 
0.0% 
-1 .6% 
12.6% 
25.6% 
27.9% 
33.5% 
0.0% 
-4.3% 
10.8% 
20.0% 
26.5% 
26.5% 
0.0% 
5. 7% 
11.3% 
23.5% 
22.2% 
34.2% 
0.0% 
- 17.1% 
5.5% 
11.2% 
19.6% 
20.1% 
0.0% 
1.5% 
1.0% 
5 .1% 
10.6% 
14.1% 
0 .0% 
30.6% 
4.2% 
18.5% 
15.4% 
17.5% 
1
117g11 
115 9/1 
Specific 
Energy 
Ultrasonic Ultrasonic Supplied 
Intensity Density Espec) 
W/cm2 W/I KJ/KgTS 
22.0 720 369 
20.2 660 677 
18.3 600 923 
16.5 540 11 08 
15.3 500 1282 
19.5 640 328 
18.9 620 636 
17.7 580 893 
15.9 520 1067 
13.4 440 1129 
17.1 560 287 
17.1 560 575 
15.9 520 800 
15.3 500 1026 
14.1 460 11 80 
15.3 500 256 
14.7 480 492 
14.1 460 708 
12.8 420 862 
11 .6 380 975 
12.8 420 215 
12.8 420 431 
12.8 420 646 
11 .6 380 780 
11.6 380 975 
0 
9.2 300 154 
9.2 300 308 
8.6 280 431 
8.6 280 575 
7.9 260 667 
7.3 240 123 
7.3 240 246 
7.3 240 369 
6.7 220 451 
6.7 220 564 
SUlllmQlY table of ultrasound treatment to batch samples of yeast cell 
wall debris. 
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S.1 0.3 Ultrasonic application to batch samples and biodegradability tests. 
The improvements in sTOC from the variations of ultrasonic pre-treatment were 
confirmed with biodegradability tests performed using 20ml taken from a ISO ml batch 
treated sample of yeast cell wall debris and ultrasonic treaunent being performed under 
the same conditions as described earli er in section 5.10. 1. 
Three digesters were ini tially utili sed, a control wi th no treatment, a test sample with 
60W (power level 7), ultrasound for 5 minutes continuous treatment and a further 
sample with 60W of ultrasound pulsed ( IOseconds on, 10 seconds off) for the same 5 
minutes. 
The gas production associated with each biodegradability test (Figure 5.47), shows that 
the continuously treated sample produces gas at a maximum rate of 18.6 mllhour which 
was 49% higher than the control's maximum gas production rate. The pulsed sample 
produced a gas production rate onl y 9% higher than the control at 13.6 mllh. Although it 
is possible that further gas generation may have occurred, the test was stopped after 262 
hours at which point the two treated samples (pulsed and continuous) had almost 
converged in cumulative gas production al a level 23% higher than the gas produced 
from the control. More importantl y, the 60W, 5 minute continuously treated sample, 
produced 84% of its gas from 39 % of the time for the control to be near to the same 
production levels. Thus it is suggested again that time of exposure is important in the 
experimental results . 
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Figure 5.47 Comparison oJ control and ultrasoulld (60W Jar 5 mins) 
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To confi rm tlus hypothesis, a further experiment was carri ed out to consider the 
application of a higher ultrasound power but for a shorter treatment time. A control was 
again compared to a test sample which received a pre-treatment of84W of ultrasound 
for 2 minutes and the 20 ml samples were added to BMP flasks using the same 
inoculant adapted from the prev ious test. The performance is shown in figure 5.48. 
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Figure 5.48 Comparison of 84 W 2 mins of ultrasollnd against a cOlltro/. 
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Ult imate gas generated from this experiment was cumulatively greater than that 
observed previously in both the control and with the treated samples. This may have 
been a resu lt of the digester culture being better adapted after the first feed. The treated 
sample did however, demonstrate a higher yield and max imum gas rate per day 
compared to either the lower power ultrasonics or that observed in the controls. The 
profile of gas generation from the two contro ls also vary slightly (with the adapted 
culture of control 2 doing better), however the total gas yield compares well. This may 
be due to slightly different characteristics of the sample as a result of samp le agi ng. 
With similar improvements in gas yield being evident from both treatment procedures 
and no clear conclusion, it was important to differentiate and to detemline the optimum 
level of treatment power and time. Analysis has therefore been undertaken to 
determine, Ultrasonic intensity (W/cm\ Ultrasonic Density (W/I) and Specific Energy 
input Esp<:<: (kJ /KgTS). These are illustrated in table 5.20 and demonstrate that a lthough 
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both Ultrasonic Intensity and Density are higher fo r the 84 W, 2 minute sample than the 
60W 5 minute sample, the Spec ific Energy (Esp",), is almost double fo r the 60W test. 
This is indicates that similar gas yields can be achieved (fi gure 5.48) by using less 
specific energy in the [onn of high ultrasonic power fo r a shorter duration of time. This 
demonstrates that Espcc is the most signi ficant unit in detennining an analysis of the 
power applied when uti li sing solutions with relatively high levels of TS. The fi rst series 
of tests utili sing a pulsed treatment gave the same total gas production as the continuous 
treatment albeit at a slower rate. However, the power applied in tenns of specific 
energy was 56% of the continuous sample at 512 kJlkgTS . Thus when reviewing the 
compari son of 5 minutes treatment at 60W against 2 minutes at 84W, it is apparent that 
the gas production rate is similar but the shorter duration treatment has Specific Energy 
at 56% of the 60W 5 minute treatment. i.e. 574 kJ/kgTS compared to 1025 kJ/kgTS 
(Table 5.20). 
Ultrasound Measure Units 60W, 5 mins 84W, 2 mins 
Ultrasonic Intensity W/cm2 12.22 17.11 
Ultrasonic Density W/I 400.00 560 
Espec (cont) kJ/kgTS 1025.92 574.5 
Espec (pulsed) kJ/kgTS 512.96 
Total Solids g/l 117 
Sample Size ml 150 
Sonotrode Size cm 2.5 
Sontrode Area cm2 4.91 
Table 5.20 Comparison of ultrasound treatment by different measures. 
This analysis of specific energy is therefore a useful measure to detennine perfonnance 
of various sonotrodes, treatment times and power ratings applied, compared against 
organic conversion and gas yield. The use of ul trasound as a treatment process will be 
heavily biased by the cost of power and therefore thi s type of comparison will be 
essential. 
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5.10.4 Ultrasonically treated batch samples in a CSTR 
Utili sing the knowledge gained from the BMP biodegradab ility tests undertaken wi th 
batch treated samples of yeast cell wa ll debris, described in the previous section, two 
CSTR digesters were established for a continuous comparison. Each digester was batch 
fed on a daily basis with a volume of yeast cell wall debris. The test digester received a 
feed of 150 ml which had undergone ultrasound pre-treatment from a 2.5cm sonotrode 
at power settings ranging from 50 - 70W for periods ranging from 3-5 minutes assigned 
from the previous tests. This is equi valent to a power intensity of 535 - 1249kJlkgTS. 
Such an energy input generates significant heat with the temperature of the sample 
reaching 45°C in local areas. Mixing was attempted but was not continued since the 
violent action created from the ultrasonic action was sufficient to di srupt any fo rm of 
mechanical mixing attempted. The contro l digester was fed with untreated feed taken 
from the same batch. The feed vo lume of 150011 was fed into the digester fo llowing 
ex traction of a similar vo lume of digestate. Measurements ofTS, VS, pH and Ripley's 
Ratio were monitored to ensure digester stability. The full results can be seen in table 
5.22 with a summary in table 5.21. 
5.10.4.1 Agglomeration and settleablity 
After the application of ultrasonics to the yeast cell wall debri s, agglomeration was 
visible in the resulting liquid. The agglomeration was visible as a darker and thicker 
composition (Figure 5.49). 
Figure 5.49 Agglomeration of the yeast cell wall debris ajier ultrasonic treatment 
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When viewed under a microscope using blue methylene (Figure 5.50) and bromocresol 
purple dyes (Figure 5.51 ) (Kurzwei lova and Sigler 1993), it can be seen that wi th in the 
agglomerated sample it is noticeable that some of the treated cells have become 
clustered. The action of the ultrasonic treatment within a batch sample is very violent 
and it was thought that this violence wo uld create adequate mixing; however the 
evidence o f such agglomerations is indicative of some uneven treatment including the 
possib ility of localised excessive heat inputs due to the ultrasonics. 
Figure 5.50 Agglomeration o/ yeast cell wall debris seen under the microscope (x 100), 
using blue methylene 
Figure 5.51 Agglomeration o/yeast cell wall debris seen under the microscope (x / OO), 
lIsing bromocresol purple. 
When samples were allowed to settle fo llowing ultrasonic treatment it was noticeable 
that the increasing exposure of liquid to ultrasonic treatment, decreases the settl eablity 
(Figure 5.52). The control sample settles quickly as the yeast cell wall debris is uniform 
in size and relatively dense. However, the longer the sample treatment time (Figure 
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5.52 #5) the more the waste appears to be in suspension. This is viewed as a factor in 
increasing its biodegradability as the particle size becomes smaller. 
Figure 5.52. Visualization of seltlemenls in samples subjected to the same power for 
differellt period of time. C- COlltrol, 1.2.3.4.5 are treatmellt times in minutes. 
5.10.4.2 Biogas yield 
Between start up and 250 hours of operation, pre treatment included 70 watts of 
ultrasound applied through a 2.5cm sonotrode to 150 ml samples of yeast cell wall 
debris for a period of 5 minutes. The treated samp le and a similar untreated amount 
were fed into the test and control digesters simultaneously. 
Gas generation from the control and test were similar during this period with the test 
digester in fact producing 4% less gas than the control which was thought to be 
insignificant. Gas yield averaged 1.69 m3/kgYSrcm for both reactors over the 250 hours 
(Figure 5.53). This high figure is due to the presence of aJcohols within the waste. The 
test method for volatile so lids is unable to capture the total organic carbons present 
existing as ethanol (see methods section 4. I .2). This similarity was not expected but it 
did mimic earlier BMP tests which were undertaken with aging samples of yeast cell 
wall debris which had been stored for a prolonged period of time. Such a storage period 
may therefore cause breakdown of the cells as hydrolysis begins to occur. With this in 
mind a fresh batch ofwaste was obtained from the factory and pre-treannent adjusted to 
60 watts of ultrasound for a period of 4 minutes. 
Gas yield now dropped but the pre-treated digester did show a higher gas yield of 
I .47m3/kgYSrem compared with 1.27 mJ/kgYSrcm for the control, an increase of 15 .7%. 
Pre-treatment was again changed back to the original higher 70 watts and 5 minute 
treatment time to repeat the previous experiment which had shown no improvement 
following the pre-treatment. This phase of testing created a gas yield of 
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1.34mJlkgVSrcm within the test digester, an increase compared to the control of 2 1 %. 
Thus it is possible that the bio-cultures needed some adaptation/acclimatisation to the 
pre-treated feed. 
Finall y, the treatment time fo r the test digester in phase 3 (Figure 5.53) was reduced to 3 
minutes and power reduced to 50 watts of ultrasound power applied. Surprisingly the 
gas yield remained high at 1.37 m3lkgVSrem with the contro l at only 1.08 mJlkgVSrcm. 
Such a continued high perfo rmance wi th reduced ultrasound power may be due to the 
reactor contents and bacteria which had become better adapted to the feed and smaller 
partic le sizes. 
Gas analysis, undertaken during testing, showed the test digester to have a C~ :C0 2 
ratio of 56:44 and the contro l to be very similar at a ratio of 54:46. These were lower 
than earlier tests of yeast cell wall debris which were closer to 73 : 27 CH4 :C0 2 (see 
section 5.8.2.3). 
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Figure 5.53 Gas production with batch ultrasonics treatment. 
Volatile solids destruction. 
Volati le sol ids measurement does not capture the tota l carbon available since it misses 
any alcohols and other volatile carbons up to 100'C, which will evaporate during the 
tota l so lids measurement phase. It is however, a measure that refl ects the breakdown of 
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the recalcitrant yeast cell structure which was the primary purpose of the experiment. 
Volatile so lids destruction can be seen to be similar for both the control and test 
digesters throughout the pre-treatment ranges (Table 5.2 1). Ini tia l testing is seen to 
deliver an average phase I VS removal of 84.1 % which reduces through the nex t phases 
of the testing programme to phase 4 which achieves the least average VS removal of 
79.1 %. Such a reduction is beli eved to reflect the ageing of the feed and possible loss 
of ethano l and other vo latile carbons. This is likely to account fo r the higher VS 
removal figure than that observed during earli er experiments on yeast ce ll wall debris. 
Here, without pre-treatment, the reactors achieved onl y 61-63% VS removal (section 
5.8.2.2). These figures demonstrate that the digestion process is successful with or 
without the use of engineered pre-treatment using organic loading rates within the 
acceptable ranges of 1.6 to 1.8 kgVS/m] d. Wi th such high strength waste there is a 
penalty that the hydrauli c retention time remains high at 67 days, demonstrated within 
this experi ment. 
2 
3 
4 
Operational 
Period 
Table 5.21 
Ultrasound 
treatment Power vs Gas Yield OLR 
SummGlY table of reactor peljormance comparison. 
Espec 
Stab ility of each digester was maintained throughout the experiment as depicted by the 
measures of Ripley's Ratio which did not exceed 0.4 at any time. pH of the digesters 
did fa ll to 6.8 b ut this was not seen as a major threat to the conti nued good operation of 
the digesters whilst the acid I alka linity balance remained <0.4. With such stability it 
may have been possible to raise the loading rate but previous experi ence of failing 
digesters during testing with yeast cell wall debris, shows rapid decl ine may occur with 
increased loading and time precluded continuation of thi s aspect of the experiment. 
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5.10.5 Ultrasound treatment of feed through flow cell- Effectiveness of flow cell 
Detennination of the ultrasonic pre-treatment conditions utilising a flow cell was based 
on the previous batch experiments and incorporated application of a given ultrasound 
power setting at a flow rate detennined by the rotational speed of a peristaltic pump. 
sCOD and sTOC readings were measured from the centrifuged treated samples 
following a single pass through the flow cell incorporating a 25mm sonotrode used in 
previous experiments. These results were compared against a control sample taken 
from the same batch of yeast cell wall debris (Table 5.23). 
Sampte Power 
No Setting 
I Control 
2 1.5 
3 1.5 
4 1.5 
5 3.0 
6 5.0 
7 1.5 
Table 5.23 
Pump Flow sCOD Improvement sTOC lmprovement 
speed Rate mg/I on control ppm on control 
rpm Litreslh 
No Pre- 0 Single 16,449 0 3198 0 
treatment Pass 
15 3.32 16,752 + 1.84% 3537 + 10.60% 
35 7.74 16,15 1 - 1.81% 3452 +7.94% 
55 12.1 6 16,777 + 1.99% 3452 -2 .47% 
35 7.74 16,985 +3 .26% 3524 + 10.19% 
35 7.74 18,263 + 11.03 4014 +25.52 
35 7.74 Circulation 18,904 + 14.93% 3949 +23.48 
15 mins 
Improvemellts 011 cOlltrol from vaned flow rates alld ultrasolllc power 
settil1gs. 
increasing the flow rate decreases the residence time across the sonotrode head and 
reduces the pre-treatment available to a unit of sample. Changes to sCOD are minimal 
and within the boundaries for experimental error demonstTating little change to the 
sample with power settings of 1.5 (15W) at all speeds tested. 
As the power level is increased (samples 5 & 6) there were increases in both sCOD and 
sTOC utilising the same flow rates with a sCOD rise of 11 .03% and TOC increase of 
25.52% over the contro l. 
Circulating a 500 ml sanlple (sample 7) through the flow cell for a period of 15 minutes 
utilising the low power setting of 1.5 and a pump speed of 35rpm gave a 14.93% 
increase in sCOD and 23.48% increase in sTOC. The pump speed is equivalent to a 
flow rate of7.7411h which means that a sample of 500ml goes through the cell almost 4 
times within the 15 minute circulation period. 
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Such a trial demonstrates that treatment of yeast ce ll walls debris needs either long 
treatment time created by recirculation with low power settings or single pass and high 
power ultrasound to achieve the same performance. The result reinforces the theory 
presented in the first experiment that it is the combinat ion of power and exposure time 
which causes the breakdown. 
5.10.6 Ultrasound treatment of feed through flow cell-AD trial in a laboratory 
scale CSTR 
Batch treatment of feed to a digester is in fact not ideal as most equipment operates 
better when it is run continuously. Therefore a tri al was initiated using a flow cell 
incorporating a 25mm sonotrode. The feed was passed into the digester via the flow 
cell and once feeding was comp leted the contents of the digester were allowed to 
recirculate through the flow cell for 60 minutes. The feed was introduced via a 
peri staltic pump set to run at a flow rate of7.74 IIh (35 rpm). The 200 ml sample feed 
passed through the flow cell in 93 seconds leaving the remaining time up to 60 minutes 
for circulation of the digester contents through the ultrasonic treatment process. At thi s 
flow rate, 77% of the digester contents would pass through the ultrason ic flow cell. 
Ultrasonic power was applied at a power setting of3, equivalent to 36 watts. In order to 
negate any effects of shear produced in the fluid caused by the action of the peristaltic 
pump, a similar set up was created for the control where flow was circulated around the 
digester via a separate peristaltic pump operating at the same speed as utilised in the test 
digester. 
Variability of the feed has been described earlier but, for the flow cell treatment, several 
deliveries of yeast cell wall debris were required for testing and as can be seen from 
figure 5.5 I the VS and TS content is relatively consistent except for sample 4 which 
was much lower than the other feeds and was quickly replaced albeit with a slightly 
higher than normal feed. COD is, however, variable with samples ranging from 
155,000 to 243,000 mg/1. This variation is predominantly a result of the differing levels 
of ethanol present in the yeast cell wa ll debris as well as the experimental vari ation 
created from attempting to measure COD of yeast cell s particularly with such a high dry 
solids content of 10- 12%. 
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Figure 5.54 TS. VS alld COD of yeast cell wall debris over differing delivelY samples, 
Deli veri es of yeast cell wall debris were taken from the Marmite yeast extract factory at 
different times. These are denoted by the characteri stics fo r each deli very sample 
shown in Figure 5.54. Despite the di fferent deliveries of yeast cell wall debris from the 
factory, it can be seen that the particle size analysis is consistent with an average 
measured d(0.5) size of 5.667 ~m (+0.62 1 -0.277) (Table 5.24). 
Date Part ic le Size IJm (in ercenti le groups) 
d(O.1 ) d(0.5) d(0.9) 
271n March 3.995 5.85 1 8.547 
161n April 4.148 6.288 9.354 
171n Apri l 3.798 5.686 8.382 
191n April 3.739 5.6 17 8.324 
41n May 3.885 5.528 7.840 
11 In May 3.922 5.569 7.89 1 
241n May 3.794 5.390 7.628 
291n May 3.686 5.407 7.889 
Table 5.24. Particle size analysIs of yeast cell wall debris. 
5.1 0.6.1 OLR and HRT 
Both the test and the control digesters received 200 ml of feed from the same batch of 
yeast cell wall debris which equated to an OLR of between 1.8 and 2.3 kgYS/mJ.d or 
3.35 -4.81 kgCOD/m3 d dependent upon the feed strength of the batch delivery utilised. 
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Such an OLR is above the typical range for a sludge digester such as a CSTR of 0.6 -
1.6 kgVS/m3.d (Sambidge 1996) 
Due to the high strength of the feed, the sensitivity of the digester to high loads has been 
seen in previous experiments which identifies that this loading is possibly the maximwn 
achievable. Even so, at this load the HRT is higher than desired at 50 days. 
5.10.6.2 Ultrasonic energy input (Esp,,) 
Energy input has been calculated in ultrasonic intensity as per the previous tests. With 
the initial feed being fed through the flow cell first fo llowed by the contents of the 
digester, an average of935 kJlkgTS is applied. 
5.10.6.3 Volatile solids and COD removal efficiency 
Ultrasonic treatment applied to the feed through the flow-cell prior to its introduction 
into the digester, demonstrated only slight improvements in both the % COD and % VS 
destroyed over the contro l digester (Figures 5.55 and 5.56). Averaging the removal 
efficiency across the experiment indicated negligible statistical improvement of the pre-
treated digester with an average COD removal of 84.2% against 83 .3% for the control. 
Similarly, the VS removal for the Test digester was averaged to 8 1.87% against 8 1.7% 
for the contro l. 
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The control has a noticeable decline in performance as the testing progresses, but still 
maintains a healthy perfonnance of >80% COD removal. This may be due to the higher 
stTength feed received in the last sample delivery after a period of lower strength . 
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5.10.6.4 Biogas yield. 
Although the VS and COD removal rates were very similar between the contTol and test 
digesters, gas yield did show some vari ation. As with other experiments, large variation 
of gas yield is possible due to extended gaps in the batch feeding process during 
weekends etc. However, taking a total gas yield over the whole period of testing 
demonstrates evidence of improvement in gas yield by the application of ultrasonic pre-
treatment (Table 5.25). 
Total Biogas Yield Control Test % Increase 
(nomlali sed) 
Nmj/kgVSrRl 0.90 1.0 I 12.2 
Nmj/kgCODrRl 0.46 0.52 13.04 
Table 5.25 Gas y ields from test digester compared to a control. 
An analysis of gas composition indicated vari ab le methane content. Examination of the 
gas production within 30 minutes o f feeding the digester produced a methane level of 
77%. After allowing the peak gas flow from the easily assimilable alcohol to settle and 
the more steady state production to evolve, the composition changed to 62.45% 
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methane and 37.55% CO2. This is illustrated in Table 5.26. The control exhibits 
slightl y lower methane content during steady gas production at 60.8% methane. 
Control Ultrasonic Test 
CH4 (%) CO2 (%) CH4 (%) CO2 (%) 
Steady State Gas 60.8 ± 0.02 39.2 ± 0.02 62.45± 0.05 37.55± 0.06 
Production 
Peak Gas 77 23 
Production 
Table 5.26 Gas composition from test digester compared to a control. 
The figures are a little misleading in that the gas yield measurement in Nm3lkgVSrcm 
unfortunately does not take account of the so luble carbon in the form ofalcohols as 
previously described. It does however reflect the fact that gas generation is in two 
phases with the initial surge of gas being produced from the rapidly converted soluble 
carbon, in particular the high leve ls of ethanol within the feed . After this conversion the 
much slower stage continues wi th conversion of the more recalcitrant yeast ce ll wall 
debris. This does complicate the overall gas yield calculations when converting to 
methane yield. If the steady state methane proportion is considered then the control 
digester yie ld is 0.28 m3 mcthanclkgCODrcm compared to a test digester yield of 
0.325 m3 mcthan.!kgCODrc",. 
S.10.6.S Digester contents. 
Since the ultrasonic probe was left operational for a full 60 minutes with the digester 
contents ci rculating as noted, 77% of the digester contents wi ll pass through the 
ul traso nic flow cell. Monitoring of the digesters led to the observation that the 
ultrasonically treated test unit, appeared "thinner" than the control and this was 
supported by the control becoming browner in co lour than the test unit which appeared 
blacker. Sanlples of the digester contents can be seen in figure 5.57 which shows the 
increased sett leablity of the treated digester and darker colour. 
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Figure 5.57 Increased seltleability of ultrasonically treated contents over a control 
A capillary Suction Test (CST) confimled the observations with a marked difference 
between the control CST being 2047 seconds compared to the test digester with a CST 
of 1466 seconds. This supported the "thinning" observation of the test digester contents 
caused by the digester contents passing through the ultrasonic flow cell and 
deflocculating or becoming dispersed. 
Particle size analysis provided further support of these observations with the test 
digester having an average [d(0.5)] sample size of 12.794 )J m compared with the larger 
floes associated with the control of[d(0.5)] 51.763 )J m. This is shown in the table 5.27 
below. interestingly l11uch larger particles are observed frol11 the d(0.9) figure which is 
significantly greater than that seen within the ultrasonically treated test digester. 
This suggests an additional hypothesis that flocculation occurs and the larger floc sizes 
have an adverse effect on dewatering and biodegradability which is at first surprising. 
Particle Size ()J m) 
d(O. I) d(0 .5) d(0.9) 
Feed 3.995 5.851 8.547 
Control 17.067 51.763 138.536 
Test 2.506 12.794 48.833 
Table 5.27 Particle size of test digester contents compared to control and feed. 
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5.1 0.7 Ultrasonic treatment of digester contents after feed (CSTR). 
The experiment was continued with exactly the same operating parameters as described 
in the section above with the exception that the batch feed process was applied directly 
into the top of the laboratory scale CSTR digester rather than into the recycle loop and 
through the ultrasonic flow cell. The feed vo lume remained the sanle as that for the 
previous test at 200ml and therefore the characteristics can be deemed comparable to 
the results displayed in table 5.22 and figure 5.54. Immediately after feeding, the 
peristaltic pump switched on and ultrasound appl ied to the digester contents via the 
recycle loop. Although some of the feed is treated, the main objective was to determine 
the effect of ultrasonics on the digester contents rather than being directl y applied to 
feed followed by digester contents. 
The peri staltic pumps were operated at a speed of35rpm equivalent to 7.74 11h and the 
digester contents were circulated through each individual digester for a period of 60 
minutes. The test digester incorporated the flow cell in the circulation circuit and during 
the 60 minutes of treatrnent, a power setting of level 3, equivalent to 36 watts, was 
applied through the 25mm sonotrode head, i.e. identical to the previous experiment 
apart from the feed point. 
5.10.7.1 OLR and HRT 
The feed vo lumes remained the same as for the previous experiment at 200 ml which 
gives the same HRT of 50 days . The characteristics of the feed have been described 
earli er and thi s variabi lity gives an OLR range of 1.7 - 2.5 kgYS/m3 d or 3.9 -
4.8kgCOD/m3 d. 
5.10.7.2 Ultrasonic energy input (Esp •• ) 
Energy input has been calculated in ul trasonic intensi ty as per the previous tests. With 
the initial feed being fed through the flow cell first , followed by the contents of the 
digester. The average Espcc now drops from the 935 kJlkgTS app lied in the first test 
(5. 10.6.2) down to 727 kJlkgTS. The difference is created from the higher level ofTS 
160 
in the initial yeast cell wall debri s feed and the change in the characteristics of the 
digester contents through treatment. 
S.10.7.3 Volatile solids and COD removal efficiency 
The VS and COD removed can be seen in figures 5.58 and 5.59 which compare the feed 
and outlet strengths across the digesters. Flucnlations evident are caused by the pattern 
of feeding which is di srupted by weekends where the digester maintains gas production 
withou t any feed. However, looking at the overall average figures , it can be seen that 
the ultrasonically pre-treated test digester shows an average COD removal effici ency 
6.6% higher than the control and VS removal is 5.8% higher (see table 5.28 for detail) . 
Table 5.28 Average Removal Efficiency of COD and VS 
VS Removal % 
COD Removal % 
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5.10.7.4 Stability within the reactors 
Both reactors started similarl y wi th pH in the range of 7. 1 - 7.6 and with the ac idity : 
alkalinity ratio, in the form ofRipley's Ratio, less than 0.3. With continuing feed, the 
ultrasonically pre-treated test digester maintained a healthy Ripley's Ratio of <0.5 
throughout with pH dropping to 7.03 at its lowest point (Figure 5.60). The control 
digester however, suffered a decline as testing continued with pH dropping to 6.7, but 
more importantly, the Ripley's ratio rose quickly indicating a reduction in buffering 
capacity and potential digester fa ilure. The digester was dosed with sodium bicarbonate 
and rested fo r 4 days to allow recuperation after which the Ripley's ratio returned to 
<0.3 and pH lifted to 7.5. Unfortunately with continued feeding at the same levels, the 
alkalini ty ratio again began to rise in the control digester and regu lar dosing was 
required to manage the stability of the reactor. Thus ultrasonics was able to improve the 
stability of the digester. [t is uncertain why, but three possibilities are organic ni trogen 
release due to biomass floc breakdown, increased conversion to YFAs which convert 
rapidly to biogas or the temperature effect on dissolved C0 2. 
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c. 
As with the previous experiment, gas yie lds are misleading when viewed in iso lation 
and must be judged relative to each other, giving comparisons from control to test 
reactors and from experiment to experiment. 
Averaging the total nonnali sed gas generation across the experiment and utili si ng the 
total vo latile solids and COD destroyed for the period, gave gas yields as shown in table 
5.29 . The gas yield generated from the ultrasonically treated test reactor gave an 18% 
and 14% increase in NmJlkgYS,cl11 and Nml/kgCOD,cm respectively. 
Biogas Yield Control Test % [ncrease 
Nmj/kgYS® 0.88 1.04 18% 
NmjlkgCOD® 0.43 0.49 14% 
Nm' cHJ!<:gCOD® 0.26 0.306 17.7% 
Table 5.29 Gas Yields across digesters 
[fthe steady state methane concentration is app lied then the methane yields give the 
ultrason ically treated test digester a yield of 0.306 Nml cH4lkgCOD,cm some 17.7% 
higher than the control. This figure is somewhat misleading as the so luble carbon 
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conversion creates a surge of gas after each feed wi th higher methane content in the 
biogas than seen with steady state conditions. 
5.10.7.6 Digester contents density 
Periodic particle size ana lysis of each digester supported the view that the control 
digester was creating large flocs ofbiomass whereas the test reactor, from which 70% 
of its contents were being ultrasonically treated each day, maintai ned much smaller 
particle average particle size (Figure 5.61). 
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Figure 5.61 Particle size distribution a/test digester compared to a control. 
Total so lids content increased in the control digester (Figure 5.62) whereas the TS in the 
test digester remained steady. This supports the small improvement in VS removal 
described earlier and shown in figure 5.58 where the VS removed in the test digester is 
8% higher than the control. 
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Figure 5.62 Comparison of total solids between cOlltrol and test digesters 
5.10.7.7 Capillary suction time (CST) 
CST rose in both the control and the test reactors although the test reactor showed a 
lower level throughout measurement (Figure 5.63). This is a reflection on the increased 
dewaterabi lity of the ultrasonicall y treated sample. Improved settleabi lity was also 
demonstrated by figure 5.57 earli er. 
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5.1 0.8 Ultrasonic pre-treatment of yeast solids wastes - summary 
A summary of experimentation utilising ultrasonics is shown in table 5.30. 
Ultrasonics 
OLR VSor COD Gas Yield Comments 
removal (%) 
SonotTode Selection Simple scoping 
(batch treatment) comparisons of25mm 
and 50 mm cup horn 
25mm sonolrode selected Release of sCOD and 
variable power and time sTOC measured to 
(batch treatment) determine the optimum 
time and power for 
experimentation 
Biodegradability Irials Time and power 
with batch US Ireatment reviewed with pulse and 
constant US us ing a 
BMP 
US batch treatment of 1.6-1.8 84.1 % VSrcm 1.69 Small increase in gas 
feed for a CSTR AD kgVS/mJ d mJlkgVSrelll yield but organic 
system removal not significant 
over control 
US through a fl ow cell Determining the 
Batch trial of a sample effectiveness of a 
fl owcel!. 
US through a flow cell in 1.8-2.3 84.2% 1.01 12% bener gas yie ld 
a CSTR circuit including kgVS/m'.d CODrcllI m3/kgVSrem with marginal 
Ireatment of digester 3.35-4.8 1 8 1.87% 0.52 improvement in organic 
contents kgCOD/m'.d VSrcm m3/kgCODrern removal over a control. 
(normalised) Senleability improved. 
Particle size smaller. 
US treatment of digester 1.7-2.5 82 .6% VSrcm 1.04 14-1 8% better gas yield 
contents and feed kgVS/mJ d 84.4% m3/kgVSrcm Particle size reduced 
3.9-4.8 CODrem 0.49 further. 
kgCOD/m'.d mJ/kgCODrcm CST lower. 
(normalised) Dewaterability 
improved. 
Table 5.30 ... A summary 01 experlmentatlOl/ utIlISIng ultrasol1lcs. 
5.10.8.1 Batch treatment 
The simple AD treatment utili sing CSTR technology was shown to give perfonmmce of 
60% VS destruction, comparable to sewage sludge treatment albeit wi th long HRT's 
(>30 days). 
The use of ultrasonics as a pre-treatment to accelerate hydro lysis was shown to improve 
perfonllance. Ultrasonics was found to have some mixed reviews when considered as a 
cost effective pre-treatment. Most ev idence was found on its potential to improve gas 
yield and digester perfonnance but little qualitative analysis was found as to its cost 
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benefits. Measurement of ultrasonic treatment in order to quantify potential 
improvements in perfornlance was not consistent across the literature which often 
referred simply to ultrasonic power. The results of the batch treatment experiments 
demonstrated that where waste has a solids component, then Specific Energy suppli ed 
was a much better measure. Espcc includes not only the ultrasonic power, but sonication 
time, treated sludge volume and sludge total so lids content. 
The batch testing indicated that good mixing in the pre-treatment process and hence 
unifornl treatment was not easi ly achieved or measured. In add ition, the action of 
ultrasonics creates a temperature rise which was difficult to separate from cavitational 
effects in the analysis of performance benefits. Batch treatment tests did demonstrate 
that yeast cells were broken down into smaller particles thereby releasing so luble TOe 
and hence qu icker digestion. The tests demonstrated that >30% improvement in sTOe 
was achieved with appl ication of70W of ultrasound for 5 minutes to a 200 ml sample 
(section 5.10.2). However, the temperature rise observed was 46°e which it was 
concluded may play a major part in the pre-treatment potential. 
The results also showed that settleability decreases, which it was concluded was another 
measure of the reduced particle size and enhanced potential for mixing within the AD 
process. 
5.10.8.2 Flow cell treatmen t 
Overall the batch treatment of a given volume of feed is not a practical option for a full 
scale operation. Previous literature on full scale ultrasonic flow through cells treating 
sewage sludge, has reported an improvement in biogas production and VS removal. 
However, sewage characteristics and therefore sludges vary widely and transferring or 
extrapolating information from site to site was shown to present difficulty. The 
literature has indicated that removal of on site variability and improved monitoring also 
improves performance. 
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The results showed that although localised high temperature occurs at the sonotrode 
head, the overall long teml heating was less than for the batch treatment because of the 
mass flow through the flow cell. It was suggested that the benefits of longer teml pre-
treatment through "soaking" at an elevated temperature are significantly reduced from 
that seen with the batch pre-treatment. 
When treating yeast cell wall debri s with an organic loading rate varying between 1.7 
and 2.5 kgVS/m3 d (or 3.9-4.8 kgCOD/m3 d) dependant upon dry solids content of feed, 
biogas yield was 12 .2% Nm3/kgVS rcm more over a control (13% increase in 
m3/kgCODrcm). This was supported by improved VS removal of81.9%, an increase 
from earlier experiments. COD removal exceeded 80%. 
The ultrasonic specific energy E spec app lied to feed directly followed by digester 
contents was 935kJ/kgTS . This compared to a level of 727 kJ/kgTS applied to so lely 
the digester contents. Gas yields and VS reduction were si milar in both cases, however 
the digester contents treatment was easier to app ly. 
Biogas analysis demonstrated a slightly higher methane yield from the ultrasonic flow 
cell experiment. 62.4% CH4 over a control value of 60.8% under steady state. The peak 
gas production for the ultrasonic test digester recorded levels of77% CH4• 23% C02 
which results from the rapid digestion of the soluble organic carbon including ethanol 
within a fast first phase of digestion. 
The particle size di stribution (Tom the ultrasonic treatment applied to the digester 
contents were shown in section 5.10.6.5 and reduced d(o.5) particle size from 52 flm for 
the control to 12.8flm for the test. This appl ies also to the large particles (d(o.9» where 
the control samples recorded I 38flm aga inst test samples of 48flm. It was also possible 
to conclude that the biomass in a CSTR reactor was different from that associated with 
an EGSB reactor, where cell growth is encouraged and sludge biomass granules easily 
reach 2 mm. It is assumed that by treating the digester contents through an ultrasonic 
flow ce ll at relatively low power, then flocs built up within the digester are broken 
down. It was also concluded that any damage to the biomass granules from the action 
of the ultrasonics must be made up for by the increased release ofsubstrate or increased 
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activity as a result of floc breakdowns. 
Another factor shown from the improved reaction perfonnance was a steadier level of 
total solids within the test reactor compared to the contro l. This was demonstrated by 
an improvement in acid/alkalinity ratio (Ripley's ratio). Thus it may be concluded that 
ultrasonics was able to mobilise the alkalinity by possibly the release of the organic 
nitrogen due to biomass floc breakdown, increased conversion to VFAs which convert 
rapidly to biogas or the temperature effect on dissolved CO2 as it passed through the 
ultrasonic flow cell. This could allow For OLRs to be increased or HRT's reduced (see 
recommendations) . 
One further benefit of breaking down the floc development structure was shown in the 
greater settleablity of the effluent. This was confirmed by the lower capillary suction 
times from the test digester effluent. This could be a major benefit in the full scale plant 
ab ility to remove solids for disposal or retention within the system. lmprovements in 
dewaterability give benefits in savings associated with polymer usage and capi tal 
equipment. The literature showed both improvements and deterioration in the 
dewatering. This possibly reflects the differing feed stock and the fonn of application of 
ultrasonics within the system but requires further work. 
Yeast cells have previously been classed as recalcitrant and difficult to break down. 
The results here show that treatment in a digester with appropriate HRT gives VS 
removal perfonnance of 81.9% and indicate that the process is achievable. With the 
application of ultrasonics as a pre-treatment process, further improvements in VS and 
COD conversion and higher gas production were observed. When these are combined 
with the potential for improved dewaterability and increased reactor stability, then such 
a pre-treatment option should be further considered within the overall commercial 
capital and revenue cost analysis for full scale plants. 
The benefits of the increased gas yield from application of ultrasonics were a little more 
difficult to assess. Uti lising data developed in section 5.10.7 for organic removal and 
gas yield at an OLR of2.2 kgVS/m]d., the additiona l daily gas generation can be 
calculated. tn tenl1S of pure gas yield the app lication of36W of electrical power for a 
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period of 1 hour gave an 18% improvement in gas yield (Table 5.27) which equates to 
approximately 3.4 litres/day ofbiogas for the 10 litre digester used. If a pessimistic 
view of the gas composi tion of62.5% methane is utilised and 100% methane gas has an 
energy va lue of 36MJ/m3, then the addi tional gas generated equates to 2 1.25W of gas 
energy. Therefore in a simple gas yield improvement case, the application of 
ultrasonics was not viable. 
The literature review indicated that further improvements seen with full scale operation 
of ultrasonic pre-treatment were better pasteuri sation and less foaming within the 
digester but these have not been considered within thi s thesis. Overall full scale 
improvements are difficult to assess and interpret from small scale laboratory 
experimentation thus demonstration at full scale operation is recommended. 
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Chapter 6 
Conclusions and Recommendations. 
This chapter presents the conclusions ofthe research presented in the previous chapters. 
In addition, recommendations for further research follow in section 6.2. 
6.1 Conclusions 
6.1.1 Yeast industry wastewater 
The aim to review the feasibility of treating yeast industry wastewater by anaerobic 
digestion has been met and the following conclusions are made: 
• From the results of the analysis of the practical, full scale system it was concluded 
that consideration must be made for the wide swings in characteristics associated 
with cycles of production. These variabilities were evident throughout sampling for 
experimentation and are described in section 5.1. Large variations in pH, strength 
and solids content are therefore inevitable as the factory accommodates its 
production requirements. This is particularly so with the large volumes of 
wastewater. These swings are best managed through the use of a balancelbuffer 
tank system, but there is still a need to include a design of AD plant capable of 
adapting to such variations. The results have shown that separation of the 
wastewater from the cell wall debris will provide a more robust design. 
• UAF designed reactors can perform well with yeast wastewaters. Performance has 
been monitored on yeast extract wastewaters (Section 5.2.1), where the UAF design 
produced an average 85% COD removal at an OLR of 5 kgCOD/m3.d and 75% 
removal at OLR of 13 kgCOD/m3.d. However, the filter media blocked and then 
performance rapidly declined as solids build up (pilot plant section 5.2.3). This was 
also shown to be the case with wastes which do not contain the recalcitrant cell 
walls which was the focus of this research. (NutraSweet plant section 5.4.1). 
Therefore ifUAF systems are to be adopted it is essential that the design 
incorporates an adequate media cleaning mechanism and protocol to ensure fouling 
does not occur. 
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• Anaerobic digestion of yeast process wastewaters has been shown to be feasible 
using fast rate digestion technology (section 5.7). The entrained yeast cell wall 
solids however, were not well degraded and shown to have the potential to impede 
effectiveness. The results suggest that EGSB technology is currently the most 
suitable since solid yeast particles can pass through the system rapidly and untreated 
thereby not impeding the effectiveness ofthe granular biomass. Full scale 
operation resulting from this research will enable analysis to be performed during 
2009, thereby allowing a paper to be produced comparing its performance seen with 
these laboratory experiments. 
6.1.2 Yeast cell wall waste treatment 
The aim of determining the potential for conversion of recalcitrant yeast cell walls 
through anaerobic digestion has been met and the following conclusions are made: 
• As with the wastewaters, the concentration and characteristics were found to be 
variable (Section 5.8). Process designs would need to consider variations in solids 
content as well as large variations of COD caused by the ethanol content which is 
derived from the original brewing and fermentation (Section 5.8.1). 
• Yeast cell walls were shown to be recalcitrant rather than inbiodegradable. The 
research has demonstrated that digestion is achievable within a simple CSTR system 
achieving 59 - 63% VS destruction at OLRs of 1.72 and 0.84 kgVS/m3.d. (Section 
5.8.2). 
• Utilising volatile solids as the sole organic measurement technique is not an 
accurate method of predicting gas yield or mass balance since the ethanol was found 
to be present in varying amounts. However, it does serve as a guide to determining 
the breakdown of the solids and cell wall components. 
• Two stage gas production was evident from the results; the first from the rapidly 
digested ethanols and the second from the slower solids component digestion 
(Figure 5.37). This demonstrates that for a full scale production facility the 
predictions overall gas yield should be reflective of these complications. 
172 
6.1.3 Yeast industry mixed wastes- wastewater and solids 
The aim of assessing potential benefits from pre-treatment of yeast cell wall debris has 
been met and the following conclusions are made: 
• Treating mixed wastes dilutes the effects of the solids and hence promotes better 
mixing thereby giving greater breakdown of the recalcitrant cell wall component in 
the wastewater. Appropriate ratios were found to be %: 1 (Section 5.9). 
• Treatment of this mixed wastes stream required a two stage operation. Utilising a 
CSTR followed by a UASB with a 8.6 day retention time (Section 5.9.5), achieved 
COD reduction from 34,250mg/l at inlet down to a final stage outlet COD of260 
mg/1. (Section 5.9.2). 
6.1.4 Ultrasonic batch treatment of yeast solids wastes 
• The use of ultrasonics as a pre-treatment applied to batch samples does accelerate 
hydrolysis measured by an increase in sTOC (Section 5.1 0.2). Testing 
demonstrated that >30% improvement in sTOC was achieved with the application of 
70W of ultrasound for 5 minutes to a 200 ml sample. 
• Ultrasonic application applied to a batch sample was shown to create a violent 
action within the liquid which prevents uniform mixing and hence uniform 
treatment (Section 5.10.4). 
• Applying ultrasonics to a batch sample also increased temperature (Table 5.18), but 
controlling temperature by cooling a sample during treatment led to the conclusion 
that an increase in sTOC still occurs. The importance of temperature requires 
further work. 
• From the ultrasonic batch treatment experiments it was also possible to conclude 
that the same improvements in release of sTOC can be achieved by lower power for 
a longer period than high power for a shorter time (Section 5.10.3). 
• These results demonstrated that where wastewaters have a solids component, then 
Specific energy supplied (Espec) was a better measure (Table 5.20). Espec includes 
not only ultrasonic power but sonication time, treated sludge volume and sludge 
total solids. 
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• Batch treatment concentrates the ultrasonic power into reducing the particle size 
which was shown to decrease settleability (Table 5.27). This it was suggested 
would enhance mixing due to the reduced particle size. 
• CSTR treatment of yeast cell wall debris gave a performance of circa 60% VS 
destruction with OLR's of 1.72 kgVS/m3.d. The use of ultrasonics in simple batch 
treatment lifted this to 84% VS removal with an OLR of 1.8 kgVS/m3.d. (Section 
5.10.7). However, although giving positive results in laboratory scale experiments, 
it is not assessed as a practical option for a full scale operation because of the extra 
batch hold up needed. 
• The BMP trials demonstrated that over time, the same gas production can be 
obtained without ultrasonic pre-treatment. The results demonstrated that gas 
production rate was 49% higher than the control sample, thereby theoretically 
reducing HRT for digestion ofa given load (Section 5.10.3). 
6.1.5 Ultrasonic flow cell treatment of yeast cell wall debris. 
• Results from the continuous flow experiments showed that the temperature rise 
occurring at the sonotrode was less than for the batch treatment because of the mass 
flow through the flow cell. It is therefore suggested that the benefits from longer 
term pre-treatment at an elevated temperature obtained from batch treatment were 
significantly reduced. 
• At OLRs of 1.7-2.5 kgVS/m3.d (or 3.9-4.8 KgCOD/m3.d) biogas yield was 12.2% 
Nm3/kgVSrem more than a control (13% increase in Nm3/kgCODrem) (Table 5.25). 
This was supported by an increase in organic removal from that seen earlier in 
experiments (Table 5.28), with 81.9% VS removal (80% COD removal). 
• Biogas analysis also corroborated this result showing higher methane content from a 
test digester, 62.4% C~ compared to 60.8% for a control when under steady state. 
Peak levels of 77% CH4 were obtained directly after feeding resulting from the rapid 
digestion of the soluble organic carbons -mainly ethanol (Table 5.26). 
• Treatment ofthe whole digester contents on recycle as opposed to the raw yeast cell 
feed, gave a higher performance of VS and COD conversion compared to either the 
batch samples (Section 5.10.6.3). 
• Production of increased levels of sTOC has been demonstrated from the application 
of high levels of ultrasonic power to the yeast cells (Section 5.10.2). This action is a 
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destructive process whereby the cells are broken down into smaller particle sizes. 
Since the yeast cell walls are very tough, this takes high power levels than would be 
necessary with less refractory material. The application of ultrasonic power to the 
digester contents produces similar performance increases but at lower power levels. 
It is believed that the digester bacterial flocs are broken down by low levels of 
ultrasonic power thereby giving greater bacterial activity from the particle surface 
area (Table 5.27). This promotes better access to the yeast cells aiding breakdown 
and ultimate conversion to gas. Since the flocs are much weaker structures than the 
yeast cells, then much reduced levels of ultrasonic power are required. Undoubtedly 
some bacteria will be destroyed by the high temperatures at the sonotrode head, but 
this was found to be insignificant compared to the positive effect, with any loss in 
bacterial cells being made up for by the increased release of activity. 
• Particle size distribution demonstrated that the test digester had a d(o.5) particle size 
25% of that seen for the control (Table 5.27). This supported the suggestion of a 
greater biomass activity within the digester. 
• The breakdown in floc and reduced particle size induced greater settleablity of the 
effluent which was confirmed by improved eST results ofthe test sample compared 
to the control digesters (Section 5.10.7.7). This demonstrated that ultrasound 
treatment of the digester contents aided dewaterability, which could be a major 
benefit in any full scale operation where retention of solids or ultimate disposal of 
the wastes is required. This needs further research. 
• The cost benefits of ultrasound were difficult to assess. From experimentation 
undertaken, simple calculations showed that 36W of ultrasound power gives rise to 
an additional 21 W of gas energy. This study did not focus on the economic 
feasibility of applying pre-treatment but from a scientific principle the breakdown of 
recalcitrant yeast cells was improved with better gas conversion. 
6.2 Recommendations 
• The action of ultrasonics utilising both batch and flowcell treatment gives rise to 
heat. It would be beneficial to improve the quantitative analysis ofthe effects that 
heat has on the pre-treatment process to clearly differentiate it from the action of 
ultrasonics to fragment the particles. 
175 
• An economic study which thoroughly reviews the benefits of utilising ultrasonics 
compared to other pre-treatment process should be undertaken. This feasibility 
study would not only encompass the extra gas yield produced but also the other 
costs associated with biomass separation, dewatering and disposal ofbiomass. The 
fouling and maintenance of mechanical pre-treatments is an important cost and 
should be included. It may be impracticable to undertake this work based on 
laboratory scale applications and therefore consideration should be given to pilot 
scale plant as well as reviews of any full scale operations. 
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